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SUMMARY
The rapid and high-fidelity replication of DNA in bacteria is carried out by a molecular
machine called the replisome, which is made up of a dozen different proteins. These
include the primosome complex of DnaB6 helicase and DnaG primase, complexed to
WKH 3RO ,,, KRORHQ]\PH ZKLFK LV PDGH XS RI WZR Įİș SRO\PHUDVH-exonuclease cores
RQHWRUHSOLFDWHHDFKSDUHQWDOVWUDQG HDFKLQFRPSOH[ZLWKDȕ2 clamp and held in a
pair by the clamp loader complex įȖĲ2į¶ȥȤ. Experiments with several of these proteins
are reported here. A particular focus of this work is the structure and dynamics of the
Bacillus spp. DnaB6 helicase, DnaI helicase loader and their DnaB6-DnaI6 complex.
In this project, I used X-ray and neutron scattering techniques to characterise the
structure and dynamics of DNA replication proteins from a variety of species. The
recently developed technique of size-exclusion chromatography coupled small-angle Xray scattering (SEC-SAXS) was used extensively for structural measurements. The
inline separation of samples into monodisperse species has allowed very high quality
SAXS to be measured for samples that would otherwise have given compromised
scattering data. The SAXS curves thus obtained have been used for both model building
and model validation, as a complement to information from high-resolution structural
techniques.
Chapter 1 describes the background to this work, starting with an overview of
bacterial DNA replication, its field of study and the scope of this work. This is followed
by a description of the structure and function of DnaB6 helicase. The steps involved in
replication initiation and helicase loading are described, with a particular focus on the
AAA+ initiator and helicase loader proteins. Potential differences between helicase
loading in Escherichia coli and related species compared with Bacillus subtilis and its
relatives are explored. This is followed by a bioinformatic investigation into the DnaI
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helicase loader, which is shown to be broadly similar to other helicase loaders, with its
AAA+ domain likely capable of forming the same helical hexamer arrangement as
DnaC, the helicase loader from Aquifex aeolicus and E. coli.
Chapter 2 details the methods for protein preparation used in this work. The
methods involved in cloning and sequencing Geobacillus stearothermophilus dnaI from
genomic DNA are also detailed.
In Chapter 3, the theory behind SAXS and SEC-SAXS is introduced before
measurements of helicase and helicase loader proteins from G. stearothermophilus
(Gst), B. subtilis (Bsu) and E. coli (Eco) are reported. An atomic model of B. subtilis
DnaI is presented based on SEC-SAXS measurements, showing that it has an extended
conformation with interdomain flexibility. The complex of GstDnaB6-DnaI6 is shown to
have a very similar shape and dimensions to E. coli DnaB6-DnaC6, indicating that this
Firmicute helicase-loader complex also forms a multi-tiered helical ring as has been
described for the E. coli complex.
In Chapter 4, energy-resolved incoherent neutron scattering experiments to
characterise the dynamics of GstDnaB, BsuDnaI and the GstDnaB6-BsuDnaI6 complex
are reported. Selective deuteration of BsuDnaI was used so that the dynamics of each
protein within this complex could be measured. In addition, protein deuteration allowed
the dynamics of water at the surface of BsuDnaI to be measured and compared with the
dynamics of the protein itself, revealing that the dynamics of BsuDnaI are not solventslaved. It was found that complexation with BsuDnaI causes a marked change in the
dynamics of GstDnaB.
In Chapter 5, SEC-SAXS characterisations of a variety of replisomal proteins
and protein complexes are reported. An ambiguity about which is the correct dimer
interface out of two crystal contacts in a construct of the C-terminal domains of the E.
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coli ĮSRO\PHUDVHDQGɒclamp loader subunit is resolved by comparing its SAXS curve
with those calculated for the alternate dimers. SAXS measurement of a mutationally
VWUHQJWKHQHG FRPSOH[ EHWZHHQ WKH SRO\PHUDVH FRUH VXEXQLWV Įİș DQG WKH ȕ2 clamp is
compared with the theoretical scattering of an ensemble of 1000 models of this complex
LQ ZKLFK WKH İș FRPSOH[ LV DOORZHG IUHHGRP WR PRYH RQ LWV WHWKHU 7KH WKHRUHWLFDO
ensemble gives a very close fit to the measured SAXS. Structural characterisation by
SAXS and rigid body modelling of the three-domain E. coli DnaG primase and two of
its domain subconstructs is then reported. It is shown that the two terminal domains of
this protein do not have defined positions in solution, but are free to move on their
flexible tethers. Finally, SAXS measurement of the Acinetobacter baumannii DnaG
primase is reported, in which it is demonstrated that this protein forms a dimer in
solution. This chapter concludes with a general discussion of the SAXS techniques used
in this work and perspectives on the future of structural biology and DNA replication.
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Chapter 1 GENERAL INTRODUCTION
1.1 Project background
1.1.1

DNA replication

If life is defined by its ability to self-reproduce, then the replication of genetic material
could be considered its most fundamental molecular process. Chromosomal DNA
replication precedes cell division so each daughter cell has a copy of the genome
(Kornberg and Baker, 1992). High-fidelity replication of DNA ensures the viability of
progeny, while the small number of changes that may occur in any given round of
replication, although usually either neutral or detrimental, can give rise to traits
favourable for survival and reproduction.
There are three steps in replication of circular bacterial chromosomes: initiation,
elongation and termination (Figure 1.1) (Baker and Bell, 1998, Johnson and O'Donnell,
2005, Schaeffer et al., 2005, Bates, 2008, Fijalkowska et al., 2012). During the
initiation step, double-stranded DNA is separated at the chromosomal origin of
replication, oriC and the proteins that carry out replication, which are collectively called
the replisome, are assembled onto the DNA at each of the two oppositely-oriented
replication forks. The elongation step follows, during which the two replisomes
translocate in opposite directions on the parental DNA at approximately 1000
nucleotides per second. The replicative helicase separates duplex DNA ahead of the
DNA polymerase III (Pol III) holoenzyme, which elongates two nascent chains
complementary to each parental strand. At the termination step the two replisomes meet
and disassemble at one of the termination sites, ter, located opposite oriC on the circle.
The two resulting daughter chromosomes each comprise one original parental strand
bound to a nascent complementary daughter strand.
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Figure 1.1: Bidirectional DNA replication in bacteria occurs in three steps. At the
initiation step, a DnaA filament forms at the origin, causing localised strand separation.
Starting with the DnaB helicase, a replisome is assembled at each replication fork. Each
replisome contains two Pol III core:clamp subcomplexes, one to elongate the leading
strand and the other for the lagging strand. During the elongation step, each replisome
travels around the chromosome, replicating each parental strand at ~1000 nucleotides
per second. At the termination step, the two replisomes meet at a ter site and dissociate
from the chromosome. The two daughter chromosomes are then separated, each
containing one parental strand and its complementary daughter strand. Figure
reproduced from Tortora et al., 2004.
It takes about 40 minutes for replication of a single 4.6 million base-pair
chromosome in the model Gram negative species Escherichia coli, while cells can
divide as fast as every 20 minutes – the result of DNA replication occurring in
concurrent rounds. Even at this great speed, fidelity to the parental sequence is
maintained at 5 × 10–10 mutations per nucleotide per round of replication (Drake, 1991).
Clearly this is an ancient, highly-evolved and well-coordinated process, involving many
protein-protein and protein-nucleic acid interactions.
The bacterial replisome is made up of the DNA polymerase III holoenzyme and
the DnaG primase-DnaB helicase primosome complex (Schaeffer et al., 2005). The
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typical E. coli 3RO,,,KRORHQ]\PHFRPSRVLWLRQLV Įİșȕ2)2 įȖĲ2į¶ȥȤ. 7KHUHDUHWZRĮİș
polymerase-exonuclease cores, one to replicate each parental strand (Figure 1.2). These
are each bound to a ring-VKDSHGGLPHULFȕ2 sliding clamp, which confers processivity by
encircling the parental DNA strand with which the bound polymerase core is associated
(Jeruzalmi et al., 2002). The two core-clamp complexes are each tethered to the ɒ
subunit in the clamp loader complex, įȖĲ2į¶ȥȤ. By holding the two polymerase cores
together in the one complex, the clamp loader ensures coupling of replication of both
parental strands.

Figure 1.2: Schematic of the bacterial replisome. DnaB helicase translocates on the lagging strand
template at the front of the replisome, its C-terminal domain ring facing forward while its N-terminal
domain collar faces back towards the replisome and complexes with DnaG primase. While the leading
strand is elongated in the same direction as replisome translocation, the lagging strand must be copied in
the opposite direction. This is solved by the formation of a trombone loop and semi-discontinuous
synthesis of ~1000 nt DNA strands called Okazaki fragments by the lagging strand polymerase. DnaG
primase lays down an RNA primer every ~1000 nt and each Okazaki fragment is elongated from one of
these. After HDFK 2ND]DNL IUDJPHQW LV FRPSOHWHG WKH SRO\PHUDVH Įİș FRUH GLVVRFLDWHV IURP LWV ERXQG
clamp and is loaded onto a new clamp at the new primer site by the clamp loader complex. Reproduced
from Tanner et al., 2008.

As implied by its name, the clamp loader DOVR KDV WKH UROH RI ORDGLQJ WKH ȕ2
clamp onto the parental DNA. Because double-stranded (ds)DNA is antiparallel, one
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polymerase core elongates the leading strand in the direction 5'–3' in the same direction
as replisome travel, while the other synthesises the lagging strand semi-discontinuously
in the opposite direction to replisome travel. After ~1000 nucleotides of lagging strand
DNA has been synthesised and a new RNA primer has been laid by the RNA primase
DnaG, the clamp loader loads a clamp at the new primer site and transfers the
polymerase core to this new clamp. DnaG primase is in complex with the DnaB
helicase, which travels at the front of the replisome; together these are called the
primosome.
Having such an intricate architecture, the replisome must be assembled onto the
DNA with order and precision, both at the initiation of replication and during the
replication restart events that follow premature replisome disassembly. The first
component of the replisome to be delivered onto DNA is the DnaB helicase, which
together with three DnaG primase molecules forms a complex called the primosome.
The hexameric DnaB helicase is a closed ring that encircles the parental DNA lagging
strand and translocates in the 5'–3' direction. One helicase is loaded onto each parental
strand at the initiation of replication, each with the NTPase C-terminal domain (CTD)
ring facing forwards in the direction of translocation while the primase-binding Nterminal domain (NTD) collar faces back towards DnaG and the replisome. How the
helicase, a closed ring in its matured hexameric form, is loaded onto DNA without
strand breakage and with the correct directionality at each strand is not yet well
understood.

1.1.2

Field of study

A focus of intensive study for more than fifty years, the replisome is a paradigm of
dynamic, fast, and accurate molecular machines. Most cellular processes are mediated
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by the coordinated interactions of networks of macromolecules (Alberts, 1998), and
insights gained from the study of replisomal dynamics may generalise to these other
multi-protein systems. As we seek finer details about the replisome including its
architecture, interactions, chemistry, and dynamics, new biophysical techniques find
utility. The replisome, as a comparatively well-characterised system where the
remaining major questions about its function are well-defined, serves as an excellent
testing ground for the development of these new techniques.
In addition to the intrinsic scientific value of furthering fundamental biology, a
better understanding of DNA replication and the replisome will lead to outcomes for
medicine and technology. For example, there is a profound need for the development of
new antibiotics, and the bacterial replisome is now being targeted in rational drug
discovery efforts (Robinson et al., 2012, Sanyal and Doig, 2012). An improved
knowledge of the interactions and overall architecture of the replisome in E. coli and
other species will aid in these efforts. Of particular interest are protein interaction sites
that interface with multiple protein partners; new drugs targeted to these sites can
potentially block replication in such a way that resistance would require simultaneous
compensatory mutations in several proteins. Even without necessarily targeting a multiprotein interaction site, any new drug that can bind and inhibit a replisomal protein has
potential as an antibiotic. Of interest in relation to the work presented here is recent
commercial research that has identified coumarin-based compounds that inhibit the
replicative helicase in Bacilli, and have a demonstrated antibiotic activity against
methicillin resistant Staphylococcus aureus (MRSA) (Aiello et al., 2009, Li et al., 2012,
Shadrick et al., 2013).
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1.1.3

Scope of work

A focus of this work is DnaB helicase and the mechanism by which its associated loader
proteins deliver it onto DNA at replication initiation and restart events. There will be a
particular focus on the GstDnaB helicase of the thermophilic Firmicute Geobacillus
stearothermophilus (basonym: Bacillus stearothermophilus (Nazina et al., 2001)), its
loading partner DnaI and their DnaB6-DnaI6 complex. Experiments were conducted
with both the B. subtilis DnaI (BsuDnaI) and G. stearothermophilus DnaI (GstDnaI)
helicase loaders, each of which is capable of forming a functional complex with
GstDnaB.
In this work, I have made extensive use of the recently developed technique of
size-exclusion chromatography-coupled small-angle X-ray scattering (SEC-SAXS) for
structural measurements of proteins, protein subconstructs, and protein complexes,
including GstDnaB, GstDnaB-(Gst/Bsu)DnaI, the E. coli helicase-helicase loader
EcoDnaB-EcoDnaC, and other replisomal components such as the E. coli Įİșȕ2 coreclamp complex and the E. coli DNA primase EcoDnaG and its subconstructs. This
technique yields high-quality measurements that are not marred by sample
polydispersity or buffer mismatch. The experimental SAXS curves thus obtained were
used in a variety of model validation and model building applications, including ab
initio modelling, rigid-body modelling, and combined rigid body/ab initio modelling.
The utility of SEC-SAXS and other techniques in structural studies of protein-protein
complexes will be evaluated.
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1.2 DnaB helicase
1.2.1

Helicase superfamilies

Helicases are proteins that facilitate duplex DNA strand separation. This can be
achieved either by passive means, which exploit the thermal breathing of dsDNA, or
actively using NTP hydrolysis to power translocation and unwinding. Nucleic acid
helicases can be classified into six superfamilies (SF), of which SF1 and SF2 are
monomers while SF3–6 are hexamers (Singleton et al., 2007, Berger, 2008). The
helicase superfamilies variously have AAA+ folds or the related RecA-like folds, which
are common among many motor proteins including the F1 ATPase and several DNA
transport proteins, and can translocate in the 5'–3' or 3'–5' directions on RNA or ssDNA
or both (Cox, 2007). The bacterial replicative helicase DnaB belongs to SF4, which
have a RecA-like fold and translocate 5'–3'. DnaB was first discovered in E. coli and has
homologues in all bacterial species. Other members of SF4 include helicases with a
bacterial origin, including the mitochondrial DNA maintenance helicase Twinkle and
bacteriophage helicases such as SPP1 G40P. By contrast, the replicative MCM helicases
of eukaryotes and archaea belong to SF6, which have an AAA+ fold and translocate in
the 3'–5' direction.

1.2.2

DnaB helicase conformations

DnaB helicase is a two domain protein, with an interdomain helical linker region
(Figure 1.3). The CTD has a RecA-like fold which binds and hydrolyses NTPs and
binds DNA. The smaller NTD is a helical bundle with an extended helical hairpin at the
C-terminus and is structurally homologous to the helicase-binding domain of DnaG
primase.
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Figure 1.3: Domain arrangement of GstDnaB. The N-terminal domain (NTD; 152 residues) binds the
homologous DnaG primase helicase binding domain, and the 269 C-terminal residues (CTD) form a
RecA-like NTPase fold that binds ssDNA. An interdomain linker contains a helix that binds the adjacent
subunit CTD, holding the hexameric ring in a closed conformation.

Early structural investigations were focussed on E. coli DnaB (EcoDnaB).
Electron microscopy (EM) established the hexameric ring structure of EcoDnaB, but
raised questions about the conformation of the ring (Bujalowski et al., 1994, San Martin
et al., 1995, Yu et al., 1996). Mixtures of hexameric rings with either C3 or C6 rotational
symmetries were consistently observed, regardless of the nucleotide cofactor present. It
was not until 2007 that the crystal structure of a hexamer was published, that of the
thermophile G. stearothermophilus (GstDnaB; Figure 1.4), both by itself and in
complex with the helicase binding domain (HBD) of DnaG primase (Bailey et al.,
2007). This crystallised in four forms, including two in complex with DnaG-HBD, with
no conformational differences among the NTDs (residues 1–161) of these forms. The
NTDs form a trimer of dimers in a C3 symmetric triangular collar. Each dimer within
the collar has one subunit at the inner side of the ring and one outer subunit. The
hydrophobic NTD dimer interface runs lengthwise from the helical bundle along the
helical hairpin, burying 2300 Å2, while the hydrophobic trimer interface between dimers
buries less surface, 1050 Å2.
The C-domain ring (residues 186–454) has C3 rotational symmetry in three of
the four crystal forms, and an irregular shape with no rotational symmetry in the other
(PDB 2R6D). The inner diameter of the ring ranges from ~25–50 Å in the four crystal
forms, due to the orientations of the CTDs. Joining the NTD and CTD is an interdomain
linker region (residues 152–186) containing a helix that binds the adjacent CTD with a
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buried surface of 2250 Å2. This is far greater than the contact surface between CTDs,
which ranges between 0–1100 Å2 in the four crystal forms. The linker region is thus
important in stabilising the CTDs as a closed ring. With one prominent exception, the
other full-length SF4 helicase hexamer crystal structures determined since 2007 are
similar to the planar C3 GstDnaB structures; these include the SPP1 phage G40P
helicase and the G. kaustophilus replicative helicase (Wang et al., 2008, Lo et al.,
2009).
(A)

(B)

(C)

Figure 1.4: Hexameric GstDnaB helicase planar ring structure (PDB: 2R6A; Bailey et al., 2007) showing
views of (A) the NTD collar, (B) CTD ring and (C) side view. The NTD collar is formed by a trimer of
dimers; the inner dimers are coloured dark blue while the outer dimers are light blue. Note the extended
helical hairpins that form a large interface between dimer pairs. The C-domain ring (red) of this crystal
form has C3 rotational symmetry, while another crystal form had no symmetry in the CTD ring (Bailey et
al., 2007). The interdomain linker helices that join adjacent chains at the CTDs are coloured green. All
protein structural figures in this Thesis were created using PyMol (Schrodinger, 2010).

The recently published crystal structure of a non-planar, ssDNA-bound
conformation of GstDnaB provides insight into its translocation mechanism and
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conformational range (Itsathitphaisarn et al., 2012). The hexamer ring is intact but nonplanar, taking the form of a right-handed helix with ssDNA bound in the central channel
and tracking the spiral in the extended A-form DNA structure (Figure 1.5).

(A)

(B)

Figure 1.5: The non-planar GstDnaB:ssDNA structure (PDB: 4ESV; Itsathitphaisarn et al., 2012), (A)
side and (B) NTD top views. This was produced by co-crystallisation of GstDnaB with ssDNA (coloured
yellow, in surface representation) and a non-hydrolysable GTP analogue. This conformation potentially
represents a snapshot of the conformational cycle of DnaB during translocation on DNA. Itsathitphaisarn
et al. propose sequential hydrolysis of a NTP by each subunit resulting in the movement of these in a
‘hand-over-KDQG¶PHFKDQLVPZLWKWZREDVHSDLUVVHSDUDWHGSHUVXEXQLWPRYHPHQW$QLQWHUVXEXQLWVSOLW
migrates by one position around the CTD ring with every subunit movement, and for every second
subunit movement the NTD collar splits at one of its trimer interfaces. The ring is held closed throughout
this cycle by the inter-domain linker helices (green) which each bind the CTD of the adjacent chain.
Figure (B) is rotated by +90° on the X-axis with respect to Figure (A).

The NTD and CTD rings have pseudo three- and six-fold rotational symmetry,
respectively. There is a split in the ring at the interface between the subunit at the rear
(i.e. with respect to the direction of translocation – towards the 5' end of the ssDNA)
and the most advanced (3') subunit. This splits one of the NTD trimer interfaces and the
CTD intersubunit interface adjacent to this. The linker helix of the 5' subunit remains
connected to the CTD of the 3' subunit, however, and the ring is therefore closed.
Eleven of the ssDNA nucleotides are bound tightly via their phosphate backbone to the
six pentapeptide DNA-binding loops of the helicase hexamer, which has one DNAbinding loop in each RecA-like CTD. The GTP analogue GDP-AlF4 is bound at the
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interface between CTDs, which have undergone a large rotation compared to the planar
conformation in the earlier structures, so that the lysine and arginine fingers are in
contact with the Walker A motif of the NTPase active site. Of the six NTP-binding
sites, only five are concurrently occupied by GDP-AIF4; the NTP-binding site at the 3'
CTD is empty.
Based on this non-planar helicase structure, Itsathiphaisarn et al. proposed that
DnaB helicase translocation on DNA has a two-nucleotide step size, powered by one
NTP hydrolysis event per step. In this ‘hand-over-KDQG¶PRGHO173K\GURO\VLVRFFXUV
at the 5' CTD, allowing dissociation from both its bound ssDNA and adjacent CTD
before migration of the 5' CTD to occupy the 3' position of the helical ring, two
nucleotides ahead of the previous 3' front of the helicase. A new, NTP-stabilised bond
then forms between the newly arrived 3' CTD and the previous 3' CTD. With each
hydrolysis event, the split in the ring migrates by one subunit at the CTD, while the
NTD dimer interface, which is held together by a large buried hydrophobic surface area,
remains unbroken and only the trimer interface can split. The split in the NTD collar
therefore only migrates once every two steps, with each alternate step instead involving
one NTD dimer tilting in the 3' direction to enable C-domain movement
(Itsathitphaisarn et al., 2012).
In contrast to GstDnaB, the hexamer ring of SF3 and SF5 helicases remains
planar during translocation; however the nucleic acid binding loops at the luminal
surface of the RecA-like domains follow a similar hand-over-hand mechanism of
translocation to that proposed for GstDnaB. In these helicases, rather than large-scale
quaternary structure rearrangement, only the nucleic acid binding loops move (Enemark
and Joshua-Tor, 2006). The DNA/RNA passing through these types of helicase is more
compact, and translocation can therefore only occur by small displacements of the
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nucleic acid binding loops. In bacteria, the DNA passing through the ȕ2 clamp has been
shown to adopt a conformation with a similar compactness to A-form dsDNA, and it is
plausible that it first adopts this conformation within the SF4-type DnaB helicase. This
large-scale motion of the helicase therefore appears to be an accommodation for
extended DNA (Itsathitphaisarn et al., 2012).
In the nonplanar atomic model described above, even where the interfaces
between CTD subunits and NTD trimers are broken, the ring remains intact due to the
binding of the linker helices to their adjacent CTDs. This presents a challenge for any
model of helicase loading that begins with a fully formed helicase hexamer that must
somehow break into an open structure to encircle DNA. In a pre-formed hexamer major
structural rearrangement would be required for these linker helix contacts to be broken.
This may involve an NTD collar transition from C3 to C6 symmetry, in which there are
minimal contacts between NTD subunits. Recent structural characterisation of a C6
DnaB helicase conformation is discussed in Section 1.3.4.

1.3 Replication initiation and helicase loading in
bacteria
1.3.1

Background

The general features of bacterial DNA replication and helicase loading will be described
here. Most of this information comes from the model Gammaproteobacterium E. coli,
while high-resolution protein structures of some of these proteins are from the
hyperthermophile Aquifex aeolicus. Among the diversity of bacteria, some of the details
described here may differ, including the names of proteins involved. In some cases
these name-changes reflect real differences between proteins, while in others
orthologues have simply been given different names.
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1.3.1.1 DnaA binding at oriC

Figure 1.6: Origin melting facilitated by helical oligomerisation of DnaA. In this model proposed by
Duderstadt et al. (2010), ATP-bound DnaA first binds to oriC at binding sites to the right of the DUE
(DNA unwinding element). DnaA molecules in an extended conformation oligomerise as a right handed
helix which invades the top strand of the DUE, causing localised strand separation. Melting of the DUE is
accompanied by a transition in DnaA from the extended to comact conformation, which stabilises the
melted conformation of the DUE. Helicase loading and replisome assembly follows.

The initiation of DNA replication begins with formation of the pre-replicative (pre-RC)
complex at the origin of replication, called oriC in E. coli (Mott and Berger, 2007). This
245 base pair (bp) sequence is made up of an AT-rich ~45 bp region called the DNA
unwinding element (DUE) and a ~200 bp DnaA-binding region (DBR) containing
several DnaA binding boxes (Figure 1.6). These DnaA binding boxes are 9 bp
sequences to which the replication initiator protein DnaA binds with varying affinity.
Cell-cycle-coordinated binding of DnaA to the DBR and subsequent oligomerisation of
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DnaA results in formation of an open complex of unwound DNA at the DUE (Bramhill
and Kornberg, 1988, Fujikawa et al., 2003).
DnaA is a four domain protein (Figure 1.7), encoded by a gene neighbouring
oriC, and is well-conserved across all bacteria (Kaguni, 2006, Ozaki and Katayama,
2009, Kawakami and Katayama, 2010). Domain I (9.8 kDa in E. coli) has weak ssDNA
binding activity, self-oligomerises, and can bind DnaB helicase and the initiation
stimulator DiaA. Domain II (5.0 kDa; varying in other species) is an unstructured linker
domain. Domain III (27 kDa) is a member of the AAA+ NTPase superfamily, and is
responsible for formation of filamental DnaA oligomers in complex with DNA. Domain
IV (11 kDa) is a DNA binding domain, and has a helix-turn-helix motif that binds the
DnaA-binding box.

Figure 1.7: Domain map of EcoDnaA.

1.3.1.2 AAA+ proteins in replication initiation
AAA+ and the related RecA-type proteins have many roles in DNA replication and in
particular primosome assembly (Ogura and Wilkinson, 2001, Davey et al., 2002), so it
is useful here to consider their structures and behaviour. AAA+ proteins are NTPases
and tend to form either helical filaments or ring-shaped oligomers of 5–7 subunits.
AAA+ domains are members of the ASCE (Additional Strand, Conserved Glutamate)
family of P-loop-W\SH173DVHVZKLFKVKDUHDFRQVHUYHGĮȕ-fold core structure (Figure
1.8) ,Q $$$ SURWHLQV WKLV Įȕ-fold forms the first of two subdomains, the second
EHLQJ DQ Į-helical bundle exclusive to AAA+ proteins known as the lid subdomain.
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There are eleven common sequence motifs spread across these two subdomains (Walker
et al., 1982, Neuwald et al., 1999). Eight of these motifs are found in the first
subdomain, starting with the RFC box II motif, unique to the AAA+ class (though not
necessarily present), which may play a role in adenine binding. The next six motifs

Figure 1.8: AMP-PCP-bound AAA+ Domain III of AaeDnaA (PDB: 2HCB; Erzberger et al., 2006),
showing the motifs common among initiator-type AAA+ ATPases. Important residues in these motifs are
represented in stick form. The motifs and residues important in the active site include the NTP Ȗphosphate-binding Sensor II (S-II) arginine, the 173 ȕ–Ȗ-phosphate-binding Walker A (WA) motif,
Mg2+-binding Walker B (WB) motif, the catalytic Sensor I (S-I) aspartate and the box VII arginine finger
(RF), which facilitates oligomerisation by binding the nucleotide of the adjacent protomer. The initiator
specific motif (ISM) is unique to initiator-type AAA+ ATPases, while the lid subdomain is common
among AAA+ ATPases and is found in DnaA but not in the other group of initiator-type AAA+ ATPases,
the helicase loaders. In these helicase loader AAA+ domains, the equivalent of the sensor-II arginine is
instead located at the C-terminus of the domain (Mott et al., 2008).

FRPSULVHWKHĮȕ-core and are common among P-loop type NTPases. These include the
Walker A (WA) motif (also called the P-loop) ZKLFK ELQGV WKH 173 ȕ–Ȗ SKRVSKDWH
moieties, the Walker B (WB) motif, which binds a Mg2+ cation, and the sensor I (S-I)
motif, a polar residue that assists in ATP hydrolysis by orienting the attacking water
molecule. The seventh and final motif (box VII) of the first subdomain is unique to the
AAA+ class, together with the lid subdomain and the three motifs it comprises. The box
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VII motif at the C-terminus of the second subdomain contains an arginine finger (RF),
which is important in oligomerisation of AAA+ domains, its side chain contributing to a
bipartite nucleotide binding site in conjunction with the Walker A, Walker B, S-I, and
S-II motifs of the adjacent protomer (Ogura et al., 2004, Duderstadt and Berger, 2008).
The S-II motif is part of an Į-helix that lies across the top of the NTP binding site and
has a conserved arginine residue that can bind WKH173Ȗ-phosphate.
In addition to these general AAA+ features, domain III of DnaA contains the
initiator specific motif (ISM), a two-KHOL[LQVHUWLRQZLWKLQWKHĮȕ-core between the WA
and WB motifs which distinguishes the initiator clade of AAA+ domains. The ISM
interferes with the oligomerisation interface and causes oligomers to form a righthanded superhelix rather than planar ring (Erzberger et al., 2006, Duderstadt et al.,
2010). As is typical of AAA+ proteins, ATP binding and hydrolysis control DnaA
behaviour, including its conformation, oligomerisation, and DNA binding (Kaguni,
2006, Mott and Berger, 2007, Duderstadt et al., 2010, Leonard and Grimwade, 2010,
2011). ATP-bound DnaA is active for oligomerisation; the interaction between S-II and
WKH$73Ȗ-phosphate holds the NTP binding site in an open conformation, receptive to
binding by the box VII RF of another DnaA protomer. When this NTP binding site is
empty or ADP-bound, the lid subdomain is repositioned and the NTP binding site is
closed to oligomerisation.

1.3.1.3 Open complex formation by filamentous DnaA
The crystal structure of a construct of DnaA from the Gram negative hyperthermophile
Aquifex aeolicus (AaeDnaA) containing domains III and IV in complex with ssDNA
was recently published (Duderstadt et al., 2011). This revealed that ssDNA passes
through a central channel of the protein helix formed by the AAA+ domains, contacting
the ISM heOLFHV Į DQG KHOLFHV Į 7KH ERXQG VV'1$ ZDV VWUHWFKHG -fold
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compared to B-form DNA, and this elongation appears to be the mechanism by which
DnaA achieves strand separation.
Although only 20–30 DnaA protomers are required for formation of the prereplicative complex (pre-RC), there are ~1000–2000 DnaA molecules per cell
(Sekimizu et al., 1988, Kitagawa et al., 1996, 1998, Katayama et al., 2010). Most of
these are ADP-bound and are therefore inactive for pre-RC formation. Many other
DnaA molecules are bound to non-oriC DnaA binding sites in the chromosome and are
unavailable. A small number of DnaA-ATP complexes remain bound to the highaffinity DnaA-binding boxes of oriC throughout the cell cycle, while the low-affinity
DnaA-binding boxes remain unoccupied until formation of the pre-RC. To trigger this,
cell cycle events effect derepression of dnaA transcription, and new DnaA molecules
immediately bind ATP, increasing the pool of free DnaA-ATP. These bind the loweraffinity DnaA recognition boxes, and also oligomerise with the DnaA molecules already
bound to oriC. The protein IHF (integration host factor) binds to a site between the
DUE and DBR, causing a 180° bend in oriC while also stimulating further DnaA
binding to low-affinity sites (Ryan et al., 2004, Leonard and Grimwade, 2010, 2011).
Binding of the tetrameric initiation stimulator DiaA to up to four DnaA-ATP molecules
stimulates cooperative DNA binding by DnaA, quickening the process of DnaA helical
filament assembly. The arrangement of the DnaA binding boxes is such that the nascent
DnaA filament is precisely oriented so that as it lengthens, it invades the DUE along the
5' strand (Figure 1.6), separating the 3' strand of the DUE and resulting in open
complex formation (Duderstadt and Berger, 2013).
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1.3.1.4 DnaC-assisted helicase loading
Following open complex formation, the two-domain DnaC helicase loader protein
(Figure 1.9) assists in delivering two DnaB helicases onto the ssDNA, one on the 5'
strand and the other on the 3' strand. The DnaC N-terminal domain, which binds the
DnaB helicase CTD has no known sequence homologues, has high sequence diversity
and is predicted to be intrinsically disordered (Section 1.4.2.1) while the CTD is an
AAA+ domain belonging to the initiator clade homologous to DnaA domain III,
although lacking the lid subdomain (Koonin, 1992, Iyer et al., 2004).

Figure 1.9: Domain map of EcoDnaC. The small and intrinsically disordered N-terminal domain (NTD)
binds the helicase, and the C-terminal domain (CTD), belongs to the AAA+ NTPase initiator clade and
mediates self-oligomerisation and ssDNA binding.

The crystal structure of the DnaC AAA+ domain from A. aeolicus (AaeDnaCCTD; Figure 1.10) revealed it is a close structural paralogue of DnaA, and can likewise
form a right-handed helical filament when it is ATP-bound (Mott et al., 2008). The
oligomerisation interface is very similar to that of DnaA, where the ISM forms a helical
insertion that protrudes into the binding interface, causing lateral displacement at this
interface and therefore helical oligomerisation. It has been shown by pull-down
experiments that in the presence of ATP, AaeDnaC-CTD is capable of binding to DnaA
domain III–IV constructs via the AAA+ initiator oligomerisation interface (Mott et al.,
2008). Like DnaA, the DnaC AAA+ domain binds and hydrolyses ATP, and binds
ssDNA. In the presence of ATP/ADP and Mg2+, DnaC and DnaB form a stable DnaB6DnaC6 complex that can be isolated by gel filtration (Galletto et al., 2003). Although
AaeDnaC (along with other helicase loaders) lacks the lid subdomain found in other
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AAA+ ATPases, it retains the equivalent of the sensor II arginine (normally part of the
lid subdomain) at its C-terminus (Mott et al., 2008).
(A)

(B)

Figure 1.10: (A) Side and (B) top views of the DnaC-CTD AAA+ hexameric helical filament crystal
structure (PDB 3EC2; Mott et al., 2008).

1.3.1.5 Structure of the DnaB-DnaC complex
Until very recently, the structure of the DnaB-DnaC complex and the mechanism by
which DnaC assists in loading of the helicase onto DNA were very poorly understood.
Cryo-electron microscopy of EcoDnaB6-DnaC6 in the presence of ADP-BeF3 with
uranyl acetate staining, followed by 3D reconstruction with no symmetry imposed has
now revealed the EcoDnaB6-DnaC6 complex has the shape of a three-tiered, righthanded helical open ring (Figure 1.11) (Arias-Palomo et al., 2013). The DnaB6-NTD
collar, DnaB6-CTD helical ring and DnaC6-CTD helical ring are stacked to form the
three tiers, while the positioning of the DnaC-NTDs is not clear. Atomic models of each
domain, except DnaC-NTD (for which there is no available structure) were docked into
the envelope of electron density.
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Figure 1.11: Model of EcoDnaB6-DnaC6 fit into EM electron density envelope, with the DnaC-CTD and
DnaB-CTD domains forming a stacked right handed helix, and the DnaB-NTD in a conformation not
seen in any crystal structures. The view on the right is rotated –90° on the Y-axis relative to the left view.
Figure adapted from Arias-Palomo et al., 2013.

Compared with the published atomic structures of DnaB, the NTD collar has
undergone a dramatic rearrangement. While the DnaB-NTD dimer interface remains
intact with respect to its conformation in various DnaB crystal structures, each dimer
has laterally rotated by ~55° to produce a triskelion arrangement, in addition to adopting
the helical configuration of the complex. The DnaB-CTD arrangement is very close to
that of the non-planar GstDnaB:ssDNA structure (Itsathitphaisarn et al., 2012). The
helical arrangement of the DnaC-CTD region was a close enough match to the crystal
structure of the AaeDnaC-CTD filament (Mott et al., 2008) that a hexamer of this could
be modelled-in directly. The structure of this complex in solution was measured by
SAXS, which indicated a close match to the theoretical scattering of the model (AriasPalomo et al., 2013).
Finer details of the EcoDnaB6-DnaC6 complex, such as the positioning of the
small DnaC-NTDs and the positioning of the DnaB linker helix were not resolved in the
EM envelope. Presumably, if this is the complex that is active for helicase loading, then
the DnaB linker helix is not bound in the domain swapped arrangement found in the
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various crystal structures of DnaB, and each linker helix is instead bound to the DnaBCTD of its own chain.

1.3.2

Pathways to helicase loading

Because one DnaB helicase is loaded onto the 5' (top) ssDNA strand and the other onto
the 3' strand at oriC, each oriented so the CTD rings face the 3' directions on their
respective ssDNA strands, it has been suggested that a differential mechanism for
helicase loading at each strand is required (Mott et al., 2008, Soultanas, 2012). In the
mechanism proposed by Mott et al., the helical filament of DnaA protruding along the
5' strand into the DUE is extended by DnaC into a heterofilament, where DnaC binds
via its box VII RF and other interactions to the ATP-binding site of the terminal DnaA
molecule, and further DnaC molecules extend the heterofilament thereafter (Figure
1.12). Thus, the 5' strand is coated with DnaC molecules at the site immediately
adjacent to the portion of ssDNA where the helicase is loaded, expanding the ssDNA in
the open complex. It is DnaC alone which directly assists in helicase loading onto the 5'
strand through the interaction of its N-domain with the C-domains of a pre-formed
DnaB hexamer. This helicase becomes part of the anticlockwise/left-hand replisome, as
viewed on a circular chromosome diagram with oriC at the top. On the 3' strand, the
helicase must be loaded so that its N-domain collar is facing the DUE, this helicase
becomes part of the right-hand/clockwise replisome. Domain I of DnaA is therefore
well-situated to bind the helicase N-domain collar, while the CTD ring of DnaB may be
bound by a DnaC filament that has formed on the 3' strand.
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Figure 1.12: Mott et al. (2008) model of helicase loading. DnaA forms a helical filament on the DNA
near the origin of replication, causing localised strand melting in the DUE, before partially invading the
melted region of the top DNA strand. The preformed DnaB helicase hexamer loaded at the top strand (2)
does so by interaction of its CTD with DnaC helicase loader as part of a DnaC-DnaA-DNA
heterofilament, and is oriented correctly to be the helicase for the right-hand replisome. The DnaB
helicase at the bottom strand (1) loads via direct interaction of its NTD with DnaA domain I (DnaAn-term),
and with DnaC bound to its CTD but not to DnaA. This bottom strand helicase hexamer is then correctly
oriented to become part of the left replisome after translocating to this position. In this model, DnaC at
the top strand is depicted as being in complex with DnaA but not DnaB prior to helicase loading, and at
the bottom strand it is in association with DNA but not DnaB prior to loading. A variation of this model
would have DnaC bound to DnaB prior to loading, and binding its other targets DnaA and DNA only
upon loading. Another variation, which could still share the interactions and ordering outlined in the
pictured mechanism, would be for the helicase to assemble on the DNA from monomers, becoming a
hexamer with the assistance of the helicase loader. Figure from Mott et al., 2008.

The helical oligomerisation of DnaC and DnaA may assist in loading of preformed helicase hexamers by forcing the helicase ring to adopt an open, non-planar
configuration upon filament binding. A variation on the model of Mott et al. would
have the helicase hexamer assembled on ssDNA from monomers that individually
complex with subunits of the DnaC/DnaA filament. There are three hypothetical
mechanisms RIKHOLFDVHORDGLQJµULQJEUHDNLQJ¶, in which the interface between two or
more subunits of the helicase is opened to allow DNA threading into the central
channel; µULQJ PDNLQJ¶ in which a pre-formed helicase hexamer is disassembled
completely for reassembly around the DNA, or is otherwise assembled de novo around
the DNA from monomers; and threading, in which the DNA is threaded between the
subunits of an intact helicase, without any subunit separation required (Patel and Picha,
2000, Davey and O'Donnell, 2003). In this scheme, DnaC is classified as a ring breaker,
acting on a pre-formed DnaB hexamer to break the interface between two subunits to
allow DNA to enter the central channel. This classification arises from evidence the
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EcoDnaB helicase is a stable hexamer in solution even at low concentrations
(Bujalowski et al., 1994), and therefore is likely to be in the hexameric state prior to
loading.
In contrast to the proposed mechanism of helicase loading (onto the 5'-strand)
via binding of the helicase to a helical DnaC filament, it has been suggested that DnaC
oligomerisation only occurs upon DnaB hexamer binding (Davey et al., 2002).
Alternatively, DnaC may oligomerise both as a heterofilament with DnaA and also with
DnaB prior to helicase loading. In this scenario the DnaB6-DnaC6 complex destined for
the 5' strand binds to the DnaC-DnaA filament via the DnaC-CTD helix, while the
DnaB6-DnaC6 complex destined for the 3' strand may load with or without a DnaC
filament already present on the 3' strand.
During the elongation step, the replisome can occasionally disassemble upon
encountering an obstacle, and must be rebuilt at this site. The pathway to helicase
loading in these replication restart situations is different but still requires the
participation of DnaC, but not DnaA (Marians, 2000, Gabbai and Marians, 2010). In E.
coli, the pathway for replication restart depends on whether or not there is a gap
between the nascent leading strand and the replication fork. Restart at an intact leading
strand is initiated by the proteins PriA with PriB and DnaT, while restart at gapped
leading strands is initiated by PriC (Heller and Marians, 2005).

1.3.3

Replication initiation and helicase loading in Bacilli

Bacillus and Geobacillus are genera of Bacilli (Nazina et al., 2001, Garrity et al., 2007),
a class of low G+C Gram-positive bacteria in the Firmicutes which also includes the
pathogenic genera Staphylococcus, Listeria, Streptococcus and Clostridium (Kanehisa
and Goto, 2000, Kanehisa et al., 2012). There is evidence for a divergence in the
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mechanism of primosome assembly during replication initiation and restart events in
Bacilli and certain other Firmicutes, with several of the proteins involved having low/no
homology to their functional counterparts in other species (Table 1.1). Velten et al.
(2003) proposed that the helicase is loaded onto DNA by a ring making, rather than
ring-breaking strategy, with direct assistance from two proteins rather than one
UHYLHZHGLQ'DYH\DQG2¶'RQQHOO6RXOWDQDV ,QWKLVPHFKDQLVPWKHB.
subtilis helicase loader, DnaI (BsuDnaI, a homologue of EcoDnaC, reviewed in the next
Section), associates with monomers of the DnaC helicase (BsuDnaC; called DnaC in B.
subtilis, but not all Bacilli, and not to be confused with the DnaC helicase loader from
E. coli) and these are assembled into a hexameric helicase around the DNA with the
assistance of a secondary helicase loader, DnaB (named DnaBpri or BsuDnaBpri in this
work, to avoid confusion with the helicase).
Evidence for this ring making strategy in B. subtilis is based on assays of
helicase activity in the presence of BsuDnaI and ssDNA at varying BsuDnaC helicase
concentrations (Velten et al., 2003). At a high BsuDnaC concentration (6 μM / 0.303
g.L–1), the helicase could bind but had no helicase activity in either the presence or
absence of BsuDnaI. At a lower BsuDnaC concentration (0.5 μM / 0.025 g.L–1), the
helicase did have helicase activity on DNA, but only when in the presence of BsuDnaI.
This difference was ascribed to BsuDnaC being a hexamer inactive for productive
loading at high concentration, and a monomer active for loading at low concentration.
From this it was concluded that B. subtilis uses a ring-making strategy for BsuDnaC
helicase loading. There is, however, no direct evidence to support the assumption that
the helicase takes different oligomeric forms at these two concentrations, and even at
high total concentrations the equilibrium concentration of monomers cannot be less than
that at low concentrations.
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Table 1.1: Comparison of selected functional homologues between E. coli and B. subtilis. Sequence
similarity information was determined from global sequence alignments performed by the program
EMBOSS Needle (Needleman and Wunsch, 1970).
E. coli

B. subtilis

Similarity

Initiator

DnaA

DnaA

62%

Helicase

DnaB

DnaC1

63%

Helicase loader

DnaC

DnaI

37%

DnaC:1–95

DnaI:1–106

25%

DnaC:96–245

DnaI:107–311

41%

-

DnaD, DnaBpri

-

Helicase loader NTD
Residues
Helicase loader CTD
Residues
Helicase co-loaders

'QD$ĺ'QD'ĺ'QD%SUL
Order of association
'QD$ĺ'QD%-DnaC
ĺ'QD&-DnaI
at origin
3UL$ĺ3UL%ĺ3UL&ĺ
3UL$ĺ'QD'ĺ'QD%SUL
Replication restart
DnaT
ĺ'QD&-DnaI
cascade
6XSSUHVVRURIǻpriA
DnaC
DnaBpri
14%
effects
1
Note that the B. subtilis helicase is called DnaC (BsuDnaC), as is the case in other Firmicutes except G.
stearothermophilus, where the nomenclature has been reformed and the helicase is called DnaB, not to be
confused with the helicase loader/DNA remodelling protein DnaB.

1.3.3.1 DnaI and DnaBpri helicase loaders
Most proteins involved in DNA replication in E. coli have orthologues with 50–70%
sequence similarity in B. subtilis, G. stearothermophilus, and many other Bacilli (Table
1.1). An exception is the helicase loader protein, DnaI, which is present in place of
DnaC (Bruand and Ehrlich, 1995, Bruand et al., 1995). The helicase-binding NTD of
the two-domain BsuDnaI has only 25% similarity to EcoDnaC-NTD. Like DnaC, the
CTD of DnaI is a DnaA domain III initiator-type AAA+ paralogue and there is 41%
sequence similarity between EcoDnaC-CTD and BsuDnaI-CTD (Figure 1.13). Like
EcoDnaC-CTD, the initiator-type AAA+ domain of DnaI does not contain the lid
subdomain found in DnaA.
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Figure 1.13: Domain organisation of BsuDnaI, which is similar to that of DnaC.

The BsuDnaI-NTD solution NMR structure is an elongated domain with a
unique zinc-binding fold (Figure 1.14; Loscha et al., 2009). The zinc ion is coordinated
by three cysteine residues that are also present in many other helicase loaders (Section
1.4.2.1). A histidine residue also coordinates this zinc ion. However, this is less
conserved. At the N-terminus of this structure is a 15-residue random coil, which may
gain structure upon helicase binding; however high-resolution structural information
about the DnaB:DnaI interaction is lacking.

Figure 1.14: NMR structure of BsuDnaI-NTD (Loscha et al., 2009; PDB: 2K7R), coloured from blue (Nterminus) to red (C-terminus). The side chains of the four zinc-coordinating residues are labelled. The
structure of the fifteen N-terminal residues is undefined, and these are represented as a random coil.

Typical of AAA+ domains, the CTD of DnaI has ATPase activity (Ioannou et
al., 2006). The presence of ATP stimulates DNA binding, which has been shown to
occur with a preference for forked substrates. For B. subtilis DnaI (BsuDnaI), surface
plasmon resonance (SPR) experiments have revealed that the NTD inhibits the ssDNA
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binding activity of the CTD. Binding of the GstDnaB helicase by the NTD of BsuDnaI
appears to trigger a conformational change which exposes the DNA binding site of the
CTD and stimulates DNA binding (Ioannou et al., 2006).

Figure 1.15: GkaDnaI-CTD crystal structure (PDB: 2W58; Tsai et al., 2009), showing the ADP-bound
member of the dimer. The important AAA+ and initiator-specific motifs are labelled; including the NTP
Ȗ-phosphate-binding Sensor II (S-II) arginine, the 173 ȕ–Ȗ-phosphate-binding Walker A (WA) motif,
Mg2+-binding Walker B (WB) motif, the catalytic Sensor I (S-I) aspartate, box VII arginine finger (RF)
and the two initator specific motif (ISM) helices.

The crystal structures of the Streptococcus pyogenes SpyDnaI-CTD and
Geobacillus kaustophilus GkaDnaI-CTD have been determined, and are very similar,
with  c UPVG DW &Į positions (Seetharaman et al., 2007, Tsai et al., 2009). The
SpyDnaI-CTD crystallised as a monomer in the asymmetric unit, with two phosphate
ions bound and minimal protein-protein contact, whereas the GkaDnaI-CTD crystallised
as a dimer. One member of the GkaDnaI-CTD dimer is bound to Mg2+ and ADP
(Figure 1.15) and the other is only bound to a phosphate ion. Although each of these
protomers have high similarity to the AaeDnaC-&7'VWUXFWXUH cUPVGDWWKH&Į
positions), there is a large difference between the oligomerisation interfaces of these
(Tsai et al., 2009). Compared to the helical filament, the ADP-bound member of the
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GkaDnaI-CTD dimer oligomerises at a similar area to the nucleotide-bound
oligomerisation interface of DnaC/DnaA; however, the other member of the dimer is
rotated to present a different face to its binding partner. Modelling a pair of the ADP
bound protomers aligned to the adjacent members of the DnaC helical filament to
simulate helical filament formation by DnaI revealed steric clashes between side chains.
This, along with experimental evidence that GkaDnaI-CTD does not oligomerise in the
presence of ATP suggested to Tsai et al. that GkaDnaI cannot form a helical oligomer
(Tsai et al., 2009).
The interaction between BsuDnaI and BsuDnaC helicase is ATP dependent, and
BsuDnaC helicase, which must be coexpressed with BsuDnaI to be soluble, requires
ATP to assemble as a hexamer or with BsuDnaI as a BsuDnaC6-BsuDnaI6 dodecamer
(Velten et al., 2003). By contrast, heterologous binding of BsuDnaI to GstDnaB
helicase is not ATP dependent, and GstDnaB can be expressed without BsuDnaI or
GstDnaI and subsequently purified by gel filtration as a hexamer without the need for
nucleotide, or as a stable GstDnaB6-BsuDnaI6 dodecamer in the presence of an excess of
BsuDnaI, also without the need for nucleotide (Bird and Wigley, 1999, Soultanas, 2002,
Ioannou et al., 2006, Bailey et al., 2007). The G. kaustophilus GkaDnaC-GkaDnaI
complex has been produced by coexpression of these proteins, and it was shown that its
stoichiometry and ssDNA binding activity is equivalent to that of the GstDnaB-BsuDnaI
complex (Tsai et al., 2009).
Polard and colleagues have shown that in addition to BsuDnaI, the action of
BsuDnaBpri, which is encoded immediately upstream of dnaI in the genome, may be
required for BsuDnaC helicase loading to occur in vivo (Bruand et al., 2001, Velten et
al., 2003, Nunez-Ramirez et al., 2007). Although in vivo genetics experiments in E. coli
VKRZHGWKDWWKHGHOHWHULRXVHIIHFWVRIDǻpriA genotype are suppressed by mutation of
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the helicase loader EcoDnaC (Sandler et al., 1996), in B. subtilis it is not mutation of
the helicase loader BsuDnaI that suppresses these effects but is most frequently a
DnaBpri gain-of-function mutation (Bruand et al., 2001). While BsuDnaBpri normally
elutes from gel filtration as a tetramer, a BsuDnaBpri1-DnaC1 dimer can be isolated and
in the presence of ATP DnaBpri partially co-elutes with the DnaC6-DnaI6 complex
(Velten et al., 2003). Assays for BsuDnaC helicase activity (i.e. DNA translocation and
unwinding), which requires DnaI, showed that in the additional presence of DnaBpri
this activity is increased, particularly so with the gain-of-function mutant version of
'QD%SULDVVRFLDWHGZLWKǻpriA strains. The stimulation of helicase activity that results
from the presence of DnaBpri in this assay is similar to that seen in assays of EcoDnaB
activity when EcoDnaC helicase loader is present. Thus, general features of the
EcoDnaC helicase loader appear to be shared between DnaBpri and DnaI, and it has
been proposed that BsuDnaBpri and BsuDnaI are co-facilitators of helicase loading in B.
subtilis (Velten et al., 2003).

1.3.3.2 Pathways to DnaI-assisted helicase loading
There are at least two possible ways in which DnaI could assist loading of DnaB onto
DNA at replication initiation and restart. These depend on whether DnaI binds to DNA
or DnaB first (or simultaneously), and whether a pre-formed helicase ring can be broken
(Table 1.2).
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Table 1.2: Possible mechanisms for helicase loading depending on whether DnaI binds the helicase or
DNA first, and whether a DnaB hexameric ring can or cannot be opened.
DnaI binds DNA first

DnaI binds DnaB first

Helicase
ring cannot
break

A DnaI hexamer (or greater) must be
pre-bound to ssDNA as a ring or
filament. DnaB protomers bind
adjacent DnaI subunits until the
DnaB hexamer is completed and
encircles the ssDNA.

DnaB1-DnaI1 protomers bind ssDNA
to form a ring or filament, until a
hexameric DnaB6-DnaI6 complex is
completed.

Helicase
ring can
open

A DnaI hexamer (or greater) must be
pre-bound to ssDNA as a ring or
filament. DnaB must bind as an
intact hexamer and somehow open
to allow ssDNA to enter the central
channel, perhaps upon interaction
with DnaI to form a DnaB6-DnaI6
complex.

The DnaB6-DnaI6 complex must
either open from a closed ring state
upon approaching and binding
ssDNA, or bind to ssDNA as a preopened helical filament.

1.3.4

Helicase loading in Helicobacter pylori

1.3.4.1 A helicase without a loader
Although the helicase loader is an essential protein in E. coli and B. subtilis, most
bacterial species do not possess a DnaC/DnaI/DnaBpri orthologue (Caspi et al., 2001).
Among these species are the Epsilonproteobacteria, to which the pathogen Helicobacter
pylori belongs. The H. pylori DnaB helicase (HpyDnaB) has some interesting features
that may relate to its mechanism of DNA binding and are worth considering. HpyDnaB
can complement EcoDnaC helicase loader loss of function in E. coli, indicating that
HpyDnaB. unlike EcoDnaB, is capable of loading onto DNA without DnaC assistance,
and may be fully functional in E. coli (Soni et al., 2005). Its amino acid sequence offers
only one clue about how it might achieve this apparent self-loading. HpyDnaB shares
30% identity and 50% sequence similarity with GstDnaB, and this similarity is
distributed evenly along these sequences except at the site of a 34 residue insertion
(400–433) in the HpyDnaB-CTD. The crystal structure of the monomeric HpyDnaB-
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CTD showed that this insertion, called the HPI (H. pylori insertion), is present as a
helix-turn-helix that protrudes from the CTD (Stelter et al., 2012).

Figure 1.16: HpyDnaB dodecamer model as built into a 3D reconstruction from negative stain EM data;
side and top views, showing two helicase hexamers interfaced at their C6-symmetric NTD collars (Stelter
et al., 2012).

While no full-length atomic structure of HpyDnaB exists, this protein has
recently been observed by EM as a mixed population of hexamers and dodecamers
(Stelter et al., 2012). The dodecamers take the form of stacked hexamers interfaced at
the NTD collars, while the hexamers have the same conformation as those within the
dodecamers and were likely the result of dodecamers falling apart during sample
preparation. Unlike the various DnaB crystal structures, these hexamers and dodecamers
have C6-C6 NTD-CTD symmetry. The HpyDnaB-NTD monomer crystal structure
(Kashav et al., 2009), which is very similar to the GstDnaB-NTD structure, was docked
into this C6-C6 EM density map along with the HpyDnaB-CTD crystal structure to build
an atomic model of the dodecamer (Figure 1.16) (Stelter et al., 2012). This shows that
the HPIs form a collar protruding from the top of the CTD ring, with their charge
distribution clearly indicating a role in DNA binding. Compared to the C3 NTD
conformations in GstDnaB and other DnaB crystal structures, the NTDs here are in a
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very different quaternary arrangement. There are six deep intersubunit ridges running
down the sides of the helicase, spanning the length from top to bottom. These are most
pronounced at the CTDs, where there is no interdomain contact. At the NTDs, there is
far less interdomain contact than in the C3 conformations observed in other DnaB
helicases. Transition between the C6 and C3 conformations of the NTD would constitute
a dramatic structural rearrangement, if it occurs.
It has been proposed that the self-loading of HpyDnaB may be assisted by its
dodecameric structure, C6 conformation, and HPI (Stelter et al., 2012). The
dodecameric structure provides a potential solution to the problem of loading one
helicase hexamer onto each parental strand and facing in opposite directions. The C6
conformation of the NTD ring might be more permissive for threading of the ssDNA
strand into the central channel of the ring than the tightly interlocked C3 conformation.
Although the C6 NTD ring is closed in the EM structure, the buried surface area at the
monomer interface is far less than in the interfaces of the C3 conformation. This NTD
interface could therefore be more easily broken, allowing ring opening and threading of
DNA into the central channel before ring re-closure.
It is not clear whether dimerisation of the hexamer and the C6-C6 conformation
of HpyDnaB are unique to H. pylori and perhaps other species that lack a helicase
loader, or if these features are shared by species that employ DnaC/DnaI orthologues in
helicase loading. It may be the case that the HPI is the only feature of this helicase
which enables loading without a DnaC orthologue, and the C6-C6 conformation and
dodecamerisation are not unique to HpyDnaB. As discussed previously, C6
conformations have been observed in low resolution EM studies of EcoDnaB. Along
with the strong sequence conservation of the NTD across the range of bacterial
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replicative helicases, this suggests that this conformation might be accessible to all
DnaB helicases.

1.4 Survey of bacterial helicase loaders
1.4.1

Sequence set of helicase loaders

To assess the shared and divergent features of bacterial helicase loaders, two sets
of sequences were collated. Set A, a list of 123 helicase loader sequences representative
of genera from across the range of bacterial phyla was constructed using the KEGG
Organisms database of complete genome sequences. Protein sequences annotated as
either DnaI or DnaC were selected from a representative species of each bacterial genus
(Table 1.3).
Within genera where no helicase loader had been annotated, BLAST searches of
these genera were performed using DnaI or DnaC sequences from the nearest related
genus possessing a helicase loader. For the purpose of this survey, DnaA orthologues
were not included though given similarities with DnaC/DnaI, they may function as
helicase loaders. Moreover, this survey did not seek to identify bacterial helicase loaders
that are not AAA+ proteins, and it is possible these may exist. Among many phyla no
helicase loader could be identified, or they were only present in a minority of species. It
should also be noted that the KEGG Organisms database is not necessarily an accurate
representation of the true diversity and populations of bacteria on Earth, but was used
pragmatically, because it represents species for which whole-genome sequences have
been determined.
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Table 1.3: Presence of AAA+ helicase loaders in bacteria.
Phylum
Fraction of genera with helicase loaders
27/94
Gammaproteobacteria
4/36
Betaproteobacteria
0/11
Epsilonproteobacteria
4/27
Deltaproteobacteria
0/66
Alphaproteobacteria
58/79
Firmicutes
5/5
Tenericutes
2/68
Actinobacteria
0/6
Chlamydiae
4/7
Spirochaetes
4/6
Acidobacteria
1/51
Bacteroidetes
0/1
Fibrobacteres
0/5
Fusobacteria
0/4
Verrucomicrobia
0/1
Gemmatimonadetes
0/5
Planctomycetes
0/2
Elusimicrobia
0/4
Synergistes
0/12
Cyanobacteria
0/7
Green sulfur bacteria
Green nonsulfur
5/9
bacteria
1/6
Deinococcus-thermus
8/27
Hyperthermophiles
123/529
Total

1.4.2

%
29
11
0
15
0
73
100
3
0
57
67
2
0
0
0
0
0
0
0
0
0
56
17
30
23

Helicase loader diversity

All helicase loader sequences in Set A were aligned using Clustal Omega (Sievers et al.,
2011). The majority of these are two-domain proteins, with diverse NTD sequences but
well-conserved initiator-type AAA+ CTDs. Putative helicase loaders in Green
Nonsulfur Bacteria and Bacteroides have two adjacent AAA+ domains, while other
species have only one. Although Ioannou et al. (2006) identify the domain boundary for
BsuDnaI at residues 133–136, as shown below the boundary between the NTD and
CTD can be defined at the residues that align with K106 of BsuDnaI, or the nearest
residue on the N-terminal side of this. The two-domain helicase loaders range in length
from 215–345 residues.
1.4.2.1 N-terminal domain diversity
NTD sequences from Set A were compared with the BsuDnaI sequence to identify
conservation of motifs known to be structurally important in the BsuDnaI-NTD NMR
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structure (Loscha et al, 2009; Figure 1.14, page 38). Possession of a cysteine residue
aligned to the zinc-coordinating C70 correlates strongly with the presence of cysteines
aligned to the other zinc-coordinating cysteines C67 (95%) and C101 (93%); however,
the fourth zinc-coordinating residue of BsuDnaI, H84, is only present in a small
minority of proteins. In its place is a cysteine residue at a position aligned to V103 in
74% of sequences that have C70. This residue is spatially near to the zinc ion in the
BsuDnaI NTD, and it is possible this is the fourth zinc-coordinating residue in these
helicase loaders. Of the remaining sequences containing a C70-aligned cysteine but no
discernible fourth zinc-coordinating amino acid, many have sequence insertions that
make determination of the spatial positioning of a potential fourth zinc-coordinator
impossible. It is likely that in sequences that have three out of four known zinc
coordinating residues conserved, a zinc-coordination site exists. With this condition
defined, helicase loader zinc-coordinating motifs are present in 72% of Firmicute
species that have a helicase loader, including Bacillus and Geobacillus. The zinccoordinating motif is also present in Hyperthermophiles (including AaeDnaC),
Spirochaetes,

Green

Deltaproteobacteria.

Nonsulfur
This

motif

Bacteria,
is

not

Acidobacteria,
present

in

any

Tenericutes

and

sequences

from

Gammaproteobacteria such as EcoDnaC and is also absent from Betaproteobacteria and
the remaining 28% of Firmicutes.
Of the helicase loader NTD sequences that contain the zinc-binding motif, ~30%
are less than 80 residues long, and have this motif near to the N-terminus. AaeDnaC is
an extreme example of this, where the zinc-binding motif starts at position 7. If indeed
this is a zinc-binding fold, it suggests this fold may be a minimal site for interaction
with the helicase, together with the highly conserved region between residues 106–132
that was identified in SPR experiments as a strong contributor to helicase binding
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(Loscha et al., 2009). This region, particularly between BsuDnaI residues 116–131, is
the only region of the NTD alignment that has conservation scores (Livingstone and
Barton, 1993) RI  ZLWK RQH OHXFLQHLVROHXFLQH WKDW LV SDUWLFXODUO\ ZHOO FRQVHUYHG
(conservation score 8) aligned to I122 of BsuDnaI. Part of this region was crystallised in
constructs of SpyDnaI-CTD and GkaDnaI-CTD (see Section 1.3.3.1), and in each case
is folded against the same part of the CTD. Given the otherwise low conservation of the
NTDs and the very high sequence conservation of the CTDs, these facts argue in favour
of this region being defined as part of the CTD, with the domain boundary shifted
towards the N-terminus. With the domain boundary defined at residues aligned to K106
of BsuDnaI, the greatest relative variation is in the NTD portions, which have a median
length of 66 ± 36 residues, while the CTDs have a median length of 284 ± 36 residues.

1.4.2.2 AAA+ C-terminal domain diversity
There is relatively less variation in the CTD sequences from across the helicase loaders
in Set A. All contain the Walker A and B motifs, sensor I aspartate, sensor II arginine
and the initiator specific motif (ISM). None of these contain the lid subdomain found in
DnaA. The residues in AaeDnaC that mediate oligomerisation are well conserved across
all the helicase loaders surveyed. All sequences contain the box VII arginine/lysine that
mediates oligomerisation through bipartite ATP binding with the neighbouring subunit
(Neuwald et al., 1999).

1.4.3

DnaI-type helicase loaders

To make an analysis more specific to BsuDnaI and its close orthologues including
GkaDnaI and GstDnaI, the 1000 sequences most similar to BsuDnaI in the UniProtKB
database were identified by a BLAST search. Of these, 998 come from the Firmicutes
class Bacilli, and include sequences from 31 genera including Bacillus, Geobacillus,
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Enterococcus, Staphylococus, and Listeria, among others. Set B was constructed by
selecting one sequence from each genus. This set of sequences is intended to represent
BsuDnaI orthologues that are structurally close, yet have appreciable sequence diversity,
so the sequence elements most important for structure and function can be identified by
their conservation.

1.4.3.1 DnaI N-terminal domains

Figure 1.17: BsuDnaI-NTD NMR structure (PDB: 2K7R; Loscha et al., 2009) showing side chains in
stick form for the residues conserveG ZLWK KLJK SK\VLFRFKHPLFDO VLPLODULW\ FRQVHUYDWLRQ VFRUH 
Livingstone and Barton, 1993) in 31 DnaI orthologues chosen from different genera of Bacilli.

The Set B Bacilli DnaI-NTD sequences have a median length of 102 ± 5 residues.
Multiple sequence alignment (Appendix D) shows that the most conserved residues in
these DnaI-NTD orthologues map to structurally important positions in the BsuDnaINTD NMR model (Figure 1.17). The majority of these residues stabilise the fold
between helices 2 and 3 and strands 1 and 2. Surprisingly, the zinc-binding motif is only
conserved among half of the Bacilli of Set B, as defined by the presence of at least three
zinc-binding residues in positions corresponding to those in BsuDnaI. Two features are
common among the sequences that do not have the zinc binding motif. One of these is a
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4–10 residue gap in the loop region aligned to the zinc-coordinating C70 of BsuDnaI,
and the other is a highly conserved threonine/serine in place of the zinc-coordinating
C101.

Figure 1.18: Sequence logo of the 14 random coil residues at the N-terminus of 29 out of 31
representative DnaI sequences from Bacilli. These sequences align at position 2, where all have a charged
residue, while positions 4 and 8 have hydrophobic residues. There is low conservation at the other
positions in this random coil region. These features suggest that this region could form an amphipathic
helix if it were to gain structure upon interaction with the helicase. The information content of each site is
given in bits: the ratio of relative entropy of the observed fractions of residues at each site to the
background amino acid variation. Created using WebLogo (Crooks et al., 2004).

Within the 14 residue random coil region of the N-terminus, undefined in the
NMR structure, there is low sequence conservation except at three sites. Most
sequences have an acidic residue at position 2 and the remainder have a basic residue,
while at positions 4 and 8 all sequences but one have hydrophobic residues (Figure
1.18). These features suggest that the region could form an amphipathic helix if it were
to become structured on interaction with the helicase. The region of greatest sequence
conservation is within the final 26 residues of the NTD (106–132). However, as
mentioned previously this segment might be better described as part of the CTD;
conserved residues here have been mapped to the GkaDnaI-CTD crystal structure in the
next section (Figure 1.19).
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1.4.3.1 DnaI AAA+ C-terminal domains

Figure 1.19: GkaDnaI-CTD crystal structure showing side chains in stick form at residues conserved with
KLJK SK\VLFRFKHPLFDO VLPLODULW\ FRQVHUYDWLRQ VFRUH  (Livingstone and Barton, 1993)) in 31 DnaI
orthologues chosen from different genera of Bacilli. Compared to the NTD, there is high conservation of
a large proportion of residues. Important AAA+ motifs are present and labelled, including the sensor I (SI) arginine, Walker A (WA) NTP binding motif, catalytic sensor II (S-II) aspartate, Mg2+-coordinating
Walker B (WB) motif, oligomerisation mediating box VII arginine finger (RF) and the initiator specific
motif (ISM) helices.

The Set B Bacilli DnaI-CTD sequences have a median length of 206 ± 2 residues (with
the domain boundary defined at the carboxyl side of BsuDnaI K106). There is little
diversity in this sequence set except at loop regions (Appendix D). Multiple sequence
alignment reveals little to distinguish the BsuDnaI-type CTDs of Set B from the helicase
loaders of Set A.
Tsai et al. reasoned that the GkaDnaI-CTD cannot oligomerise as a helical
filament after identifying two points of difference between the GkaDnaI-CTD and
AaeDnaC-CTD crystal structures (Tsai et al., 2009). One of these is the 14 residues at
the N-terminal end of GkaDnaI-CTD that form a short helix and strand which sit near
the ATP-binding site of GkaDnaI-CTD and are not present in the published structure of
AaeDnaC-CTD (Mott et al., 2008). The reason for this is trivial: these residues (28–42
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in AaeDnaC) are beyond the CTD N-terminal cut-off in the construct of AaeDnaC-CTD
(residues 43–235) used for crystallisation. Pairwise alignment of GkaDnaI and
AaeDnaC shows that these residues are in fact conserved with high similarity in
AaeDnaC (Figure 1.20). This segment corresponds to a region of high conservation
among all helicase loaders (see Section 1.4.2.1 above), which has been identified as a
contributor to helicase binding in constructs of BsuDnaI-NTD that include this region at
the C-terminus (Loscha et al., 2009). Had AaeDnaC been crystallised as a construct
extended at the N-terminus to include these residues, it is possible they would have
formed a strand and helix at a similar position to those found in GkaDnaI-CTD and
SpyDnaI-CTD.
Modelling by Tsai et al. of a simulated GkaDnaI-CTD helical filament by
aligning ADP-bound GkaDnaI-CTD molecules to the adjacent protomers of the ADPBeF3-bound AaeDnaC-CTD filament showed several steric collisions between side
chains. Although they identify the residues at the N-terminus of the GkaDnaI-CTD
sequence as the main source of these collisions, replication of this alignment shows that
there is only one site of collision in this region (Figure 1.21). There are, however,
several collisions betZHHQ WKH VLGH FKDLQV RI KHOL[  DQG WKH DGMDFHQW SURWRPHU¶V
nucleotide-binding site.
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Figure 1.20: EMBOSS Needle pairwise sequence alignment of AaeDnaC and GkaDnaI. A red bar has
been placed beneath the 14-residue region at the N-terminal end of the GkaDnaI-CTD which crystallised
as a helix and strand near to the oligomerisation interface (Tsai et al., 2009). There is high sequence
similarity between this region and that at the N-terminal end of the AaeDnaC-CTD. It cannot therefore be
cited as a reason for why DnaI might have different oligomerisation behaviour to AaeDnaC.
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Figure 1.21: Reproduction of the hypothetical GkaDnaI-CTD helical filament as modelled by Tsai et al.
(2009). Two GkaDnaI-CTD molecules (PDB: 2W58, chain A; Tsai et al., 2009) were aligned to a pair of
protomers within an AaeDnaC-CTD helical filament (not depicted, PDB: 3ECC (Mott et al., 2008)), with
 cUPVGEHWZHHQ WKH &Į SRVLWLRQV There are several steric clashes between side chains, however
these are hypothetical and may not necessarily present a real impediment to oligomerisation. Residues
which correspond to the AaeDnaC oligomerisation residues have been labelled.

Clustal Omega (Sievers et al., 2011) multiple sequence alignment of the Set A helicase
loaders revealed that where residues important for oligomerisation of AaeDnaC are not
conserved in DnaI-type helicase loaders and others, there is often strong conservation of
other residues at these positions (Table 1.4). The steric clashes identified by
superposition of the GkaDnaI-CTD structure on the AaeDnaC-CTD helical filament
may be avoided by small structural adjustments at the binding interface, which are not
improbable, given that proteins are flexible. For example, the GkaDnaI-CTD helix 7
(notated as in AaeDnaC, this is actually helix 9 in the GkaDnaC-CTD crystal structure)
only requires a slight rotation to bring the two putative ATP Ȗ-phosphate-coordinating
residues, including the highly conserved box VII R293, within binding distance of this
moiety.
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Table 1.4: Residues important to the oligomerisation of AaeDnaC and their counterparts identified in
GkaDnaI by sequence and structure alignments.
AaeDnaC
GkaDnaI
Other helicase
oligomerresidue (%
Location Binds
loaders (%
Comment
isation
conservation in
conservation)
residue
DnaI-type)
helix 7
$73ȖR289 (100%)
R (76%)
N206
Box VII motif.
phosphate
helix 7
$73ȖR293 (100%)
R (90%)
Box VII RF. Crucial for
K210
phosphate
bipartite ATP binding
with neighbouring
subunit (Neuwald et al.,
1999).
helix 7
ATP ribose
Y296 (83%)
E (31%)
E213
Box VII motif
E161

helix 5

D242 (100%)

S/E (22/17%)

helix 5

helix 3/5
pocket
R44

L174

N256 (50%)

K (16%)

R44

N-loop

L174

E125 (19%; D:
64%)

R (29%)

Conservation of the residues in DnaI known to be important for oligomerisation
of AAA+ domains, along with observations by SPR of cooperative ssDNA binding and
CTD-dependent helicase binding (Ioannou et al., 2006), strongly suggest that DnaICTD can oligomerise. Because the ISM helices (helices 5 and 6 in the GkaDnaC-CTD
crystal structure) are present in DnaI at the same position as in AaeDnaC and AaeDnaA,
these should have the same wedge effect: lateral displacement at the subunit interface
resulting in oligomerisation of DnaI as a right-handed superhelix.

1.4.4

Helicase binding by DnaI

To aid the identification of possible sites of helicase binding by DnaI, the electrostatic
surface potentials of both proteins were calculated using the Adaptive PoissonBoltzmann Solver (APBS) with the PARSE forcefield (Figure 1.22) (Sitkoff et al.,
1994, Baker et al., 2001, Dolinsky et al., 2007). GstDnaB has an entirely negative
potential on its outside surface and the luminal surface of the NTD collar. The luminal
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(A)

(B)

(C)

Figure 1.22: Electrostatic surface potentials (A and B) of GstDnaB (filament conformation: PDB 4ESV;
Itsathitphaisam et al., 2012) and (C) a homology model of GstDnaI based on the BsuDnaI-NTD NMR
structure (Loscha et al., 2009) and GkaDnaI-CTD crystal structure (Tsai et al., 2009), oriented by SAXS
data (Section 3.3.4). GstDnaB has a predominantly negative outside surface while the luminal surface is
positive, particularly at the DNA binding sites of the CTD ring (row A, right). GstDnaI has a mixed
electrostatic potential at the surface, with a positive N-terminal coil and negative band across the middle
of the NTD and positive surface in the 106–132 region which is a major contributor to interaction with
the helicase (Ioannou et al., 2006). Electrostatic surfaces were calculated using the Adaptive PoissonBoltzmann Solver (APBS) software (Baker et al., 2001, Dolinsky et al., 2007) and are represented as the
electrostatic potential between ±10 kBT/e coloured onto the solvent accessible surface. The left and right
columns are respectively rotated by 180° on the Y-axis. The left and right images on row B are
respectively rotated by –90° and +90° degrees with respect to the views in row A.
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surface of the CTD ring has ridges of positive potential for binding of DNA. The DnaINTD has a positive potential at the N-terminal random coil, helix 1, and at the
interdomain region (residues 106–132) which has previously been identified as a
contributor to helicase binding. This would suggest that binding does not occur at the
very positive lumenal surface of the helicase. There is also a band of low potential on
DnaI NTD, and it is possible that this is a contributor to hydrophobic binding of the
helicase. If this is the case, then the outer surface of the helicase presents a possible site
for binding of DnaI.

1.5 Experimental aims and approach
1.5.1

Structure of the DnaB-DnaI complex

While the atomic structures of GstDnaB and the two domains of DnaI have been
reported (Bailey et al., 2007, Loscha et al., 2009, Tsai et al., 2009, Itsathitphaisarn et
al., 2012), the structures of full-length DnaI and the DnaB-DnaI complex have not been
determined. The DnaB-DnaI complexes investigated in this work are not amenable to
crystallisation, and in particular suffer from poor solubility at moderate protein
concentrations. Therefore, instead of using high resolution techniques, the solution
technique of SAXS was used. Although this technique does not provide atomic
resolution, it can provide accurate distance information and report on sample
polydispersity. Because atomic-detail structural models are available for all domains of
GstDnaB and DnaI, the strategy was to either (a) combine the size and shape
information from these measurements to build a model structure, or (b) use these
measurements to validate a model structure.
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1.5.2

Dynamics of DnaB-DnaI

To further characterise the helicase, helicase loader and their complex, measurements of
their dynamics were conducted using neutron spectroscopy. By deuteration of BsuDnaI,
the dynamics of GstDnaB within the GstDnaB6-BsuDnaI6 complex could be compared
to the free protein. The elastic scattering peak was analysed to quantify the overall
decrease in the rigidity of GstDnaB upon complexation. The dynamics of BsuDnaI and
its surface water were also measured and compared.

1.5.3
Structures of other replisomal proteins and
complexes
There are several replisomal proteins from a variety of species that are current targets
for structure determination in the Dixon laboratory. Not all of these have been amenable
to crystallisation, in particular those that are flexible multidomain proteins and proteinprotein complexes. SEC-SAXS measurements were used to produce and/or validate
rigid body models of four different replisomal proteins and protein complexes. These
were used to assess conformational flexibility and in one case to resolve an ambiguity in
the crystal structure. A variety of modelling strategies were employed, including
comparisons of experimental SAXS with the simulated SAXS of existing models, rigid
body modelling, ensemble modelling and ab initio bead modelling.
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Chapter 2 PROTEIN PREPARATION AND
CHARACTERISATION
2.1 Expression strains and conditions
$OO SURWHLQV ZHUH H[SUHVVHG XQGHU FRQWURO RI WKH SKDJH 7 ࢥ SURPRWHU LQ E. coli
BL21(DE3) by autoinduction (Studier and Moffatt, 1986, Studier, 2005) in 2 L baffled
flasks each containing 400 mL of ZYM-5052 medium plus 100 mg.L–1 ampicillin.
These were iQRFXODWHG ZLWK  ȝ/ RI OLTXLG FXOWXUH LQ O\VRJHQ\ EURWK /%  J/–1
tryptone, 5 g.L–1 yeast extract, 10 g.L–1 NaCl) /ampicillin at A600 ؆ 0.6, and incubated at
30°C in an orbital shaker for 24 h before cells were harvested by centrifugation at
11 000 u g for 15 min. Cells were resuspended as specified in lysis buffer before flash
freezing and storage at í80°C. Thawed cells were lysed by two passes through a French
press operating at 69 MPa, before centrifugation for 40 min at 38 000 u g to remove
insoluble material.

2.2 General purification procedures
All buffers were filtered through 0.22 μm nitrocellulose membranes. All purification
steps were at 4–8°C in a cool-room, on ice, or in refrigerated centrifuges. ÄKTA FPLC
systems (GE Healthcare) were used for chromatography steps. Dialysis steps used
Biotech RC dialysis tubing (Spectra/Por). Protein UV absorption spectra were measured
by a Nanodrop 2000c spectrophotometer (Thermo Scientific) and the A280/A260 ratio
checked to ensure protein had been adequately purified from nucleic acid contaminants.
Protein concentrations were then determined from the A280 using the WKHRUHWLFDO İ280
calculated from the amino acid composition by ProtParam (Gasteiger et al., 2005),
which uses the Pace modification of the Edelhoch method (Pace et al., 1995).
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2.3 BsuDnaI
Wild-type BsuDnaI (36114.2 Da) was overexpressed using E. coli BL21(DE3)/pET22bdnaI (pHI1393) (Soultanas, 2002). Harvested cells were resuspended in 30 mL of lysis
buffer (50 mM Tris.HCl, 200 mM NaCl, 1 mM EDTA, 2 mM DTT, 20% glycerol) per
400 mL of culture before being flash frozen in 30 mL aliquots and stored at –80°C.
Thawed cells were lysed by two passes through a French press at 69 MPa before
centrifugation at 40000 × g for 40 min. Ammonium sulfate was added to the supernatant
at 0.25 g.mL–1 and the mixture was stirred for 2 h to precipitate BsuDnaI, which was
then pelleted by centrifugation at 40000 × g for 40 min.
The protein pellet was resuspended in buffer A150
20% (50 mM Tris.HCl, 150 mM
NaCl, 1 mM EDTA, 2 mM DTT, 20% glycerol) and flowed through a pre-equilibrated
2.5 u14.5 cm column containing Toyopearl TSK DEAE-650M anion exchange resin
(Tosoh Bioscience) in the same buffer. This step separates nucleic acid from BsuDnaI,
which flows through the column while RNA and DNA is tightly bound. The protein
flow-through from the DEAE step was pooled and dialysed overnight in 2 L of buffer
A50
20% in 12–15 kDa M.W.C.O. dialysis tubing. The sample was then loaded onto a preequilibrated 5 ml HiTrap Heparin column (GE Healthcare) or up to three of these
columns joined in series for larger-scale purifications. BsuDnaI was eluted in a 50300
mM NaCl linear gradient in buffer A20% over five column volumes. Fractions that
contained BsuDnaI were pooled and dialysed in buffer A50
20% and loaded into a 2.5 u8
cm Toyopearl SuperQ-650 column (Tosoh Bioscience). BsuDnaI was eluted by a 50–
400 mM NaCl gradient in buffer A20% over ten column volumes. The pooled fractions
from the elution peak were dialysed against 2 L of a storage buffer (50 mM Tris.HCl,
200 mM NaCl, 1 mM EDTA, 1 mM DTT, 20% glycerol) with three changes over 24 h.
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Following these steps, the sample was of high purity, as assessed by SDS-PAGE
(Figure 2.1). For small angle scattering measurements, an extra purification step of gel
filtration through a HiPrep 16/60 Sephacryl S–100 HR column (GE Healthcare) in
buffer A200
20% was applied, in which the protein eluted as a single peak at an elution
volume corresponding to that of a monomer. The typical purified protein yield was 130
mg per litre of overexpression culture.

Figure 2.1: Purified BsuDnaI, SDS-PAGE 4–12% polyacrylamide gradient gel stained with Coomassie
Brilliant Blue.

Perdeuterated BsuDnaI was purified from cells grown in deuterated culture
medium by the National Deuteration Facility (ANSTO). The same purification
procedure described above for the non-labelled protein was used. ESI-MS of the protein
in 1% formic acid in H2O gave a mass of 37956 ± 2 Da (Figure 2.2), corresponding to
69.2% deuteration in H2O and a projected level of deuteration of 94.3% after H–D
exchange in D2O (for details of this calculation, see Appendix C).
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Figure 2.2: Quadrupole time-of-flight positive-mode ESI mass spectrum of perdeuterated BsuDnaI in
0.5% formic acid in H2O, indicating a mass of 37956 ± 2 Da, compared to the non-labelled mass of
36114.2 Da. This corresponds to a deuteration level of 69.2%, which gives a projected deuteration level
of 94.3% after H-D exchange in D2O. Peaks are annotated like this: AX;Y where X is the charge state and
Y is the mass-to-charge ratio.

2.4 GstDnaB
Wild-type GstDnaB was expressed from strain BL21/pET22b-dnaB (pHI1388) (Bird
and Wigley, 1999). The protein was purified following the method of Bailey et al.
(2007). The purified protein was of high purity, as assessed by SDS-PAGE (Figure
2.3). For small angle scattering measurements, an extra purification step of gel filtration
through a column (2.5 × 70 cm) of sephacryl S400 (GE Healthcare) in buffer A200
20% was
used; the protein eluted as a single peak at an elution volume known from other protein
elutions (including EcoDnaB6) to be consistent with a hexamer. The typical protein
yield was 200 mg.L–1 of overexpression culture.
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Figure 2.3: Purified GstDnaB (50642.5 Da); 4–12% polyacrylamide SDS-PAGE gradient gel, stained
with Coomassie Brilliant Blue.

2.5 GstDnaI-6xHis
2.5.1

Sequencing G. stearothermophilus dnaI

To obtain GstDnaI, it was first necessary to isolate the dnaI gene from genomic DNA
(Figure 2.4). G. stearothermophilus cells of the same strain from which GstDnaB was
originally obtained (ATCC 29609/NCA 1503; American Type Culture Collection) were
cultured on LB/agar plates at 55°C. Two separate colonies were isolated and re-streaked
twice before cells were harvested from the plate surface and their genomic DNA
extracted using a PureLink genomic DNA purification kit (Invitrogen) and dnaI
amplified by PCR as described below.
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Figure 2.4: Sequencing of G. stearothermophilus dnaI from genomic DNA. (1) G. stearothermophilus
cells (ATCC 29609) were grown at 55°C and two colonies separately streak purified before their genomic
DNA was extracted. (2) Primer pairs based on the genome sequence of G. kaustophilus were used to PCR
amplify from dnaB into dnaI (red pair) and from ytxC into dnaI (blue pair). (3) Amplification products
were sequenced to obtain an initial sequence of the regions immediately upstream and downstream of
dnaI. (4) Primers were designed based on the regions immediately upstream and downstream of dnaI and
used to PCR amplify the entire gene. (5) The full sequence of dnaI was obtained from this amplicon.

Oligonucleotide primers were based on the sequence of the closely related G.
kaustophilus genome, for which the whole sequence is available (unlike G.
stearothermophilus), to amplify inwards from the genes flanking dnaI. One of these
primer pairs was designed to amplify the upstream region of dnaI and had a forward
primer in the upstream gene dnaB (encoding the primosome assembly protein DnaBpri,
which is unrelated to the helicase), and the reverse primer within dnaI. The other primer
pair was designed to amplify the downstream region of dnaI and had a forward primer
in the mid-region of the dnaI sequence and a reverse primer in the downstream gene
ytxC, which encodes a sporulation protein.
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ATGGAACGAGTAAATCAACTGTTGCAGCGGCTGTTCGGAAACGAAGGGTTCCGGCGGCGCTATGAACA
AATGCGGCGCTATATTTTGACGCATCCGGACGTGCAGCCGTTTTTGCAGGCGCACGAGCAGCAGCTGT
CGCGCGATGCGGTGGACCGAAGTTTAATGAAGCTGTACGAATTTATCGAGCAACATGGCCATTGCCGC
CAGTGCCCAGGGCTCGAGCAATGCCCAAATATGTTGCCGGGGTATCATCCGAACTTGGTGGTCGCCGG
CGGGCGAATTGACGTTGAATACGACCGCTGCCCGAAAAAAGTGCAAGATGATGAACGGAGAAGGCAGG
AAGCGCTCATTCAAAGCATGTTCGTGCCGCGGGAAATTTTGCAAGCTTCGCTGTCGGATGTGGATCTT
AGCGACGATGGGCGCATTAAAGCCATCCAGTTTGCAGAGAAGTTCGTGACGGAGTACGAGCCGGGGAA
AAAAATGAAAGGATTGTACTTGTACGGGTCGTTCGGCGTCGGCAAAACGTATTTGCTCGGGGCGATCG
CCAATGAACTGGCGAAACGGAACATTCCGTCGCTCATCGTCTATGTGCCGGAGCTGTTTCGCGAGCTG
AAGCATTCATTGCAAGATCAGACGATGAACGAAAAGCTCGATTATGTGAAAAAAGTGCCGGTGCTCAT
GCTCGATGACCTTGGAGCGGAGGCGATGTCGAGCTGGGTGCGCGACGATGTGCTCGGCCCAATTTTGC
AATACCGGATGTTTGAAAATTTGCCGACCTTTTTCACCTCCAACTTTGATATGAAGCAGCTCGCCCAC
CATTTGACGTATTCGCAGCGCGGCGAGGAAGAAAAAGTGAAAGCCGCCCGCATTATGGAGCGGATCCG
CTCACTCGCGCACCCGGTTGAAATTACCGGGCCAAACCGCCGCGAATGA
Figure 2.5: Nucleotide sequence of G. stearothermophilus dnaI, as determined by sequencing from
genomic DNA using genomic DNA templates independently purified from separate G.
stearothermophilus colonies. High quality, consistent reads were obtained from multiple runs, sequencing
from both the upstream and downstream ends of the gene.

Both primer pairs achieved good amplification, and the start and end sequences
of dnaI were determined by Big Dye Terminator (ABI) dideoxy sequencing of the
purified amplified fragments, and the sequence read by an ABI Prism 3700 instrument
before base-calling by ABI sequence analysis software. Primers were designed based on
the sequences immediately upstream and downstream of dnaI so that the whole gene
could be amplified, purified and sequenced. This procedure was independently
performed for both genomic DNA extracts, and these gave identical nucleotide
sequences (Figure 2.5). A BLAST search of the NCBI non-redundant protein sequence
database with the translated sequence (Figure 2.6) gave the Geobacillus
thermodenitrificans DnaI amino acid sequence as the closest match, with 90% identity,
96% similarity and zero gaps. A multiple sequence alignment (not shown) with the
closest 50 BLAST matches for the amino acid sequence showed that there were no
unique mutations in this protein. An alignment of the GstDnaI and BsuDnaI sequences
reveals strong conservation across the whole alignment, particularly at the CTD (Figure
2.7).
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MERVNQLLQRLFGNEGFRRRYEQMRRYILTHPDVQPFLQAHEQQLSRDAVDRSLMKLYEFIEQHGHCR
QCPGLEQCPNMLPGYHPNLVVAGGRIDVEYDRCPKKVQDDERRRQEALIQSMFVPREILQASLSDVDL
SDDGRIKAIQFAEKFVTEYEPGKKMKGLYLYGSFGVGKTYLLGAIANELAKRNIPSLIVYVPELFREL
KHSLQDQTMNEKLDYVKKVPVLMLDDLGAEAMSSWVRDDVLGPILQYRMFENLPTFFTSNFDMKQLAH
HLTYSQRGEEEKVKAARIMERIRSLAHPVEITGPNRRE
Figure 2.6: Amino acid sequence of GstDnaI.

Figure 2.7: Clustal Omega alignment of GstDnaI and BsuDnaI amino acid sequences, showing
conservation scores (Livingstone and Barton, 1993) and sequences coloured by the Clustal X scheme
(Sievers et al., 2011).

2.5.2

Cloning G. stearothermophilus dnaI

Forward and reverse primers 386 and 387 (Appendix A), respectively incorporating
NdeI and EcoRI restriction digestion sites, were designed to clone dnaI from G.
stearothermophilus genomic DNA into the pET-based ampicillin-resistance conferring
vector pETMCSI (Neylon et al., 2000). Primer 387 changed the stop codon from TGA
to TAA. The Acuzyme high-fidelity PCR kit (Bioline) was used for PCR amplification,
with annealing steps at & DQG RWKHU GHWDLOV DV SHU WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV
The PCR amplified fragment was restriction digested by NdeI and EcoRI, before
separation from smaller fragments by a PCR cleanup kit (Qiagen). The pETMCSI
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vector was digested at its multiple cloning site with NdeI and EcoRI, dephosphorylated
by shrimp Antarctic phosphatase and then gel purified. The insert was mixed in a 3:1
molar ratio with the vector and treated with DNA ligase for 5 min at room temperature
to create pETMCSI-dnaI (pFH1512; Figure 2.8).

Figure 2.8: Cloning strategy used for hexahistidine tagged dnaI. (1) The gene was PCR amplified from
genomic DNA using the primer pair 386 and 653, with the sequence for a hexahistidine tag incorporated
in the reverse primer, as well as EcoRI and NdeI in the forward and reverse primers, respectively. After
purification of the product, it was restriction digested with EcoRI and NdeI and further purified. Agarose
gel electrophoresis confirmed the correct size of the amplicon and its restriction product. (2) The vector,
pETMCSI was also cleaved with EcoRI and NdeI and dephosphorylated before gel purification. (3) The
insert and vector were mixed in a 3:1 ratio ligated, and transformed into chemically competent E. coli
AN1459. Cells were plated and streak purified. (4) Colonies were restriction screened to confirm
presence of the insert. A colony was selected and the plasmid extracted. The insert was sequenced using
primers specific to the pETMCSI vector, and was confirmed to match the expected sequence. The same
PCR cloning strategy was also used for wild-type dnaI, but with the primers 386 and 387, creating
plasmid pFH1512.

The plasmid pFH1512 was transformed into chemically competent E. coli cells of strain
AN1459 (Elvin et al., 1986) which were plated onto LB/agar with 100 mg.L–1
ampicillin. After restreaking twice, the plasmid was extracted by Mini-Prep kit (Qiagen)
and the gene sequenced using primers specific to the pETMCSI vector. After this was
confirmed as identical to the sequence determined from the genomic DNA, the
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extracted pETMCSI-dnaI plasmid was transformed into the E. coli expression strain
BL21(DE3).

2.5.3

Purification of GstDnaI

The wild type protein was overexpressed at a low level, which was improved by
transformation of pETMCSI-dnaI into a BL21(DE3) strain carrying the pLysS plasmid,
which represses leaky expression and confers chloramphenicol resistance. The cell lysis
and purification protocol used for BsuDnaI was attempted, accounting for the different
theoretical pI of GstDnaI (7.13) compared to BsuDnaI (5.82), by varying the buffer pH
values. The protein had constant precipitation across all purification steps, and could
only reach high purity at the cost of a very low yield. This is similar to the result of Tsai
et al. (2009), who found that full-length GkaDnaI (95% sequence similarity) is
expressed in an insoluble form.

2.5.4

Cloning GstDnaI-6xHis

To aid in purification of GstDnaI, a hexahistidine tag was added to the C-terminus using
a PCR cloning strategy (Figure 2.8). The reverse primer 653 encoded the hexahisitine
tag followed by a stop codon as well as an EcoRI restriction site and T10 tail to assist
restriction digestion. The forward and reverse primers 386 and 653 were used to PCR
amplify dnaI from G. stearothermophilus genomic DNA. The same PCR settings,
cloning and sequencing steps were used as for the wild-type gene. The EcoRI/NdeI
restriction digested amplicon dnaI-6xHis was ligated with the restriction digested
pETMCSI to create the plasmid pFH1518. This was transformed into E. coli AN1459
and into E. coli BL21(DE3)/pLysS. Sequencing confirmed the addition of the
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hexahistidine tag and stop codon at the C-terminus, with the rest of the sequence
matching the previously determined genomic sequence.

2.5.5

Purification of GstDnaI-6xHis

Figure 2.9: Chromatogram showing elution of GstDnaI-6xHis from a 5 mL HiTrap Chelating HP
column, charged with Zn2+. The protein was bound in a buffer containing 30 mM imidazole at pH 7.6,
and eluted in a 30–320 mM imidazole gradient over ten column volumes (red line). The entire elution
peak was pooled and immediately flash frozen and stored at –80°C. All plots in this work were produced
using QtiPlot (Vasilef, 2011).

The hexahistidine-tagged GstDnaI (36971.3 Da) was overexpressed at a moderate level
by Studier autoinduction, using the strain BL21(DE3)/pLysS/pFH1518 in ZYM-5052
medium plus 100 mg.L–1 ampicillin and 50 mg.L–1 chloramphenicol. Harvested cells
were resuspended in lysis buffer (50 mM Tris.HCl pH 8.0, 200 mM NaCl, 1 mM
EDTA, 3 mM DTT, 20% v/v glycerol) before lysis and centrifugation. GstDnaI was
selectively precipitated from the lysis supernatant by slow addition of 0.23 g.mL–1
(NH4)2SO4 followed by 2 hours equilibration before centrifugation at 38000 × g for 42
min. The pellet was resuspended in IMAC buffer (50 mM HEPES pH 7.6, 500 mM
NaCl, 30 mM imidazole, 20% v/v glycerol) and centrifuged before loading onto a preequilibrated 5 mL HiTrap Chelating HP affinity chromatography column (GE
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Healthcare) charged with Zn2+. GstDnaI was eluted in a 30320 mM imidazole gradient
over 50 mL (Figure 2.9).
Fractions in the elution peak were pooled and immediately flash frozen for
storage at –80°C. At this stage, the protein had reached ~80% purity. Further
purification steps including anion and cation exchange chromatography were attempted;
however these gave poor yields and high precipitation of the protein. The 80% pure
samples were, however, of sufficient purity for mixing with GstDnaB to then purify the
GstDnaB6-GstDnaI6 complex by gel filtration (Section 2.7). Positive mode ESI-MS
using a Synapt quadrupole time-of-flight mass spectrometer (Waters) with the protein
denatured in a solution of 1% formic acid gave a mass of 36983 Da, compared to the
theoretical mass of 36971 Da (Figure 2.10). This is a typical discrepancy for CsI
calibrated measurements. In the rest of this work, ‘Gst'QD,¶ZLOOEHXVHGWRUHIHUWRWKH
hexahistidine-tagged protein.

Figure 2.10: Quadrupole time-of-flight positive-mode ESI mass spectrum of GstDnaI-6xHis in 1%
formic acid, indicating a mass of 36983 Da, compared to the theoretical mass of 36971 Da. This
discrepancy (12 Da) is typical for CsI-calibrated measurements. Peaks are annotated like this: AX;Y
where X is the charge state and Y is the mass-to-charge ratio.

2.6 GstDnaB6-BsuDnaI6
2.6.1.1 Anion exchange purification
For some experiments, particularly where a high quantity of protein was needed, the
GstDnaB-BsuDnaI complex was purified by anion exchange chromatography rather
than gel filtration, using a protocol adapted from Ioannou et al. (2006). This has been
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noted where relevant, including in purifications with deuterated BsuDnaI. Purified
BsuDnaI and GstDnaB were mixed in a 3:1 molar ratio before dialysis into a buffer
containing 50 mM Tris.HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 10 % v/v
glycerol. The dialysed sample was loaded onto a pre-equilibrated 8 mL MonoQ anion
exchange column (GE Healthcare) and eluted in an [NaCl] gradient of 50–600 mM over
150 mL (Figure 2.11).

135–150 mL

210–240 mL

GstDnaB
BsuDnaI

Figure 2.11: MonoQ anion exchange elution profile of GstDnaB-BsuDnaI, showing elution of the excess
BsuDnaI at 135–150 mL, followed by the GstDnaB-BsuDnaI complex at 210–240 mL. Only fractions
with a 1:1 stoichiometry were collected. At the higher [NaCl] end of the elution peak, there is an excess
of GstDnaB. The inset shows SDS-PAGE of this elution, stained with Coomassie Brilliant Blue.
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The GstDnaB-BsuDnaI complex, with a theoretical pI of 5.27, typically eluted at
500 mM NaCl, or 38 mS.cm–1, while the BsuDnaI excess, with a pI of 5.82 eluted with
good separation from the complex at 200 mM NaCl, or 17 mS.cm–1. The purified
complex typically had an apparent 1:1 stoichiometry, as assessed by SDS-PAGE.
However in some cases there was an apparent excess of GstDnaB. This could not be
correlated with the NaCl concentration, and may relate to batch to batch variation of the
protein or variation in column properties.
GstDnaB, with a pI of 5.01, elutes from MonoQ columns at the same NaCl
concentration as GstDnaB-BsuDnaI. It may be the case that GstDnaB-BsuDnaI binds
the MonoQ column via GstDnaB. This GstDnaB-BsuDnaI purification therefore
requires that no GstDnaB is uncomplexed with BsuDnaI, hence the use of a large excess
of BsuDnaI to initially form the complex. In some cases, however, an excess of
GstDnaB was present in the complex peak, and it is unclear what may be the cause of
this. Varying the buffer [NaCl] and glycerol content did not have much effect, and it
may be the result of variable column performance, e.g. following column maintenance.
The GstDnaB6-BsuDnaI6 complex was also purified by gel filtration instead of
anion exchange, and this protocol was used to prepare samples for electron microscopy
and small angle scattering. Following dialysis of a 3:1 mixture of BsuDnaI:GstDnaB
into buffer Aଶ
ହ%  WKH VDPSOH a PJ SURWHLQ LQ WRWDO  ZDV FRQFHQWUDWHG WR  P/
centrifuged, loaded into a Sephacryl S400 column (70 × 2.5 cm) and eluted at 0.5
mL.min–1 (Figure 2.12).
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200–230 mL 250–270 mL

GstDnaB
BsuDnaI

Figure 2.12: Gel filtration elution profile of GstDnaB-BsuDnaI, showing the elution of the complex over
two separate peaks, followed by the excess of BsuDnaI. SDS-PAGE analysis of successive fractions in a
4–12% polyacrylamide gradient (inset) reveals a 1:1 stoichiometry across the range of elution of the
complex (150–230 mL).

Figure 2.13: Elution profile and SDS-PAGE from a Wyatt WTC-030S5 gel filtration column of a 100 μL
sample of a 3:1 stoichiometric mix of BsuDnaI:GstDnaB, in a buffer containing 50 mM Tris.HCl pH 8.0,
200 mM NaCl, 1 mM EDTA, 2 mM DTT, 5% v/v glycerol. Protein fractions were precipitated by acetone
and resuspended in loading buffer for SDS-PAGE. The first peak is at the void volume of the column.

74

2.7. GSTDNAB6-GSTDNAI6

2.7 GstDnaB6-GstDnaI6
Because the yield of GstDnaI is very low when it is purified to high purity, partially
purified GstDnaI was instead used for formation of the GstDnaB6-GstDnaI6 complex.
The C-terminally hexahistidine tagged protein was purified to ~60–70% homogeneity
by zinc-affinity IMAC as described in Section 2.5, and was flash frozen immediately
upon elution. To form the complex, this protein was thawed and mixed in an
approximate 6-fold molar excess with GstDnaB before dialysis into 150 mM Tris.HCl
pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 20% v/v glycerol. The dialysed
protein (~15 mg in total) ZDVFRQFHQWUDWHGWR1 mL and subjected to Sephacryl S400
gel filtration using a column with dimensions 40 × 1 cm. The GstDnaB6-GstDnaI6
complex eluted in a single peak (Figure 2.14) and had 1:1 stoichiometry, as assessed by
SDS-PAGE (Figure 2.15). Despite the use of only partially purified GstDnaI in forming
the complex, the purified complex was of high purity.

Figure 2.14: Elution of GstDnaB6-GstDnaI6 from a Sephacryl S400 column (40 × 1 cm). The elution
peak was centred at 22.6 mL, while the excess of GstDnaI eluted at 36 mL.
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Figure 2.15: Purified protein samples used for electron microscopy and SEC-SAXS in 2013, (1)
GstDnaB, (2) GstDnaB-BsuDnaI (3) GstDnaB-GstDnaI, (4) GstDnaI, (5) BsuDnaI.

76

3.1. BACKGROUND

Chapter 3 HELICASE AND HELICASE LOADER SAXS
3.1 Background
Small angle X-ray scattering (SAXS) is a technique for structural characterisation of
particles in solution. It provides information about shape, size and mass by measuring
the I(Q), a function of the reciprocal space distribution of particle chord distances
(Kratky and Pilz, 1972, 1978, Glatter and Kratky, 1982, Svergun and Koch, 2002, Koch
et al., 2003, Serdyuk et al., 2007). In a SAXS experiment, the intensity of
monochromatic, collimated X-rays coherently scattered by particles in solution is
measured by a detector positioned a certain distance behind the sample (Figure 3.1).
The measured intensity is then radially averaged and plotted as a function of scattering
vector. The space Fourier transformation of this scattering pattern gives the distribution
of distances within the particle, a 1D-representation of shape. Uses of SAXS data
include building and validating structural models, often in complement with high
resolution structures of components of the particle of interest.
SAXS can be measured by benchtop instruments, which use rotating anode Xray sources, or synchrotron-based instruments, which have a far greater X-ray intensity.
The typical usage of these is analogous to the situation in X-ray crystallography, where
initial data collection and experimental optimisation is often conducted with a benchtop
instrument, before higher-quality data are collected at a synchrotron beamline. While
measurements can take several hours for a single sample using a benchtop instrument,
the high X-ray flux of a synchrotron source allows measurement in ~5 s for a single
sample, depending on the scattering power and concentration. This opens up the
possibility for time-resolved experiments, and is useful in other situations where fast
measurement is required, for example where many samples must be measured in many
conditions. In this work, both types of instrument have been used, with a particular
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focus on the synchrotron-based technique of size exclusion chromatography-coupled
SAXS (SEC-SAXS).

Sample in quartz
capillary

Monochromatic Xray
Ȝ= 1 Å

X-ray detector

2ș
Sample to
detector
distance

Figure 3.1: Schematic of SAXS data collection. A collimated, monochromatic X-ray beam of wavelength
~1 Å, produced by either a rotating copper anode benchtop source or a synchrotron source is impingent
upon the sample, which is either static in a quartz capillary or flowing through it in the case of
synchrotron SAXS. X-rays are scattered by the sample and recorded as a 2-D image on a detector. Shown
here is the image from the Pilatus 1M detector at the Australian Synchrotron, with intermodule gaps,
errant pixels (zingers) and a shadow from the beamstop visible. The beamstop and zingers are masked
before radial averaging to give a one-dimensional pattern of scattering intensity as a function of the
modulus of the momentum transfer vector, Q.

3.1.1

Coherent X-ray scattering and diffraction

In a SAXS experiment, as in X-ray crystallography and other related techniques,
structural information is extracted from the pattern of intensity of X-ray radiation
coherently scattered from the sample. In these elastic scattering techniques, X-rays are
scattered by electrons with no gain or loss of energy. The selected X-ray wavelength is
similar to the diameter of the atomic electron cloud, ~1 Å, corresponding to an energy
of 11–12 keV, which exceeds the binding energies of electrons in the sample. This
classifies as Thomson scattering, where the scattered X-ray amplitude is independent of
WKH LQFLGHQW IUHTXHQF\ DQG WKH SKDVH LV VKLIWHG E\ ʌ ZLWK UHVSHFW WR WKH LQFLGHQW
radiation. The scattering power of an atom is given by its scattering amplitude b, which
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is the amplitude of the wave observed in unit solid angle per unit incident flux and is
given in units of length. The measured intensity of a scattered wave is given by the
product of the incident intensity and the square of its scattering amplitude:
ܫ  = ܫ ܾ ଶ

3.1

The X-ray scattering amplitude of an atom is proportional to its atomic number;
higher Z atoms present a bigger target for incident X-rays. The scattering power of an
atom or any other object can be alternatively expressed as a scattering factor f, the ratio
between the scattering amplitude of the object and that of a single electron. Every atom
within an illuminated sample can scatter X-rays, and to an approximation valid for
scattering measured at low angles (<5°), each is a point source of isotropic, spherical
scattered waves. The difference between the scattered and incident wave vectors, k1 and
k0 gives the momentum transfer vector, Q (also called q, s, S, or h), which has units of
reciprocal distance (Figure 3.2, Eqs. 3.2, 3.3).

Figure 3.2: The momentum transfer vector Q is given by the scattered k1 minus incident k0 wave vectors,
ZLWKșWKHVFDWWHULQJDQJOH between these.

ܓ=ۿ
 ଵ െ ܓ

3.2

Where the wave vector modulus |k_ ʌȜJLYLQJWKHmodulus of Q:
Q=

ͶɎ
sin Ʌ
ɉ

3.3
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A wave scattered by two or more atoms is the result of a summation of the
scattered waves originating from each atom (or scattering volume element; these terms
can generally be used interchangeably), where the separation between atoms results in a
phase difference ĳ, given by
߮ = ۿ. ܚ

3.4

The wave scattered by an atom separated from an arbitrary origin by distance r is given
by the product of its scattering factor and phase factor relative to that of an imaginary
wave scattered from the origin:
 ݂݁ = ܣۿ.ܚ

3.5

The waves scattered from the illuminated particles in a solution sum to give a greater
scattering intensity at low angles than would be observed from solvent alone, and this is
the basis for SAXS.

3.1.2

Scattering as a probe for structure: SAXS

The scattering from an assembly of atoms within a particle is the summation of the
waves originating from each atom j (Koch et al., 2003, Krueger and Wignall, 2006,
Rhodes, 2006, Serdyuk et al., 2007):
ே

 = )ۿ(ܨ ݂ ݁ ۿ.ܚೕ
ୀଵ

3.6

F(Q) is a Fourier series of the distribution of atomic positions and their respective
scattering amplitudes; it is a Q-space (reciprocal space) description of the particle. If
F(Q) could be directly measured for a single particle, by an instrument that could
measure amplitude and phase as a function of the momentum transfer vector, the
arrangement of atoms (or scattering density) within the particle in real space would be
calculable by inverse Fourier transformation of the measured scattering function.
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Without a physical lens for X-rays at the energies used in structural biology, such an
instrument is impossible, and under the best conditions only |F(Q)|2, the intensity of the
scattered waves as a function of Q, i.e. I(Q), can be measured, with phase information
lost.
X-ray crystallography (MX) offers the next-best thing to a direct measurement
of F(Q). Diffracted X-ray intensity is measured as a function of Q, with vector
information conserved by the solid state of the crystal and orientational ordering of the
crystallographic lattice. This ordering amplifies the scattering pattern (diffraction) at
lattice points, allowing measurement of intensity up to high Q values, and gives
completely destructive interference at non-lattice Q values. The I(Q) function is thus
convoluted with the lattice function, with phase information missing. Phases can be
determined by techniques such as multiple isomorphous replacement, multi-or singlewavelength anomalous diffraction, and molecular replacement. Once the F(Q) is
determined, its Fourier transform gives the electron density distribution within the unit
cell, and the atomic arrangement of the sample is built-in to give a high-resolution
atomic map – the gold standard for structural biology (Rhodes, 2006).
In small angle scattering measurements, by contrast, there is no crystallographic
ordering and the ensemble of particles in solution takes up all orientations. The
measured scattering of an ensemble of N identical particles is given by
ܫே (ܳ) = ܰ|)ۿ(ܨ|ۃଶ ۄ

3.7

The angular brackets denote orientational averaging in time and space, resulting in a one
dimensional I(Q) function where Q has been reduced to its modulus, |Q|. Phase
information cannot be recovered, and limited vector information may only be inferred
(with ambiguity), given certain assumptions about the particle under study.
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The spherical averaging of the phase factor is equivalent to a sinc function, as
shown by Debye :
 ݁ۃ. = ۄ

sin(ܳ)ݎ
ܳݎ

3.8

This leads to the Debye formula, which describes the scattering function for an
ensemble of N identical particles with no orientational ordering:




 ܰ = )ܳ(ܫ  ݂ (ܳ)݂ (ܳ)
ୀଵ ୀଵ

sin(ܳݎ )
ܳݎ

3.9

Where i and j are scattering centres within the particle, separated by fixed distances
ݎ = |ܚ െ ܚ |.
The Debye formula may be understood qualitatively as a statement about the
contribution of the range of distances r to the scattering pattern at different values of Q.
At a scattering angle of zero, which is referred to as the forward scatter or I(0), there is
no path difference between waves scattered from all scattering centres within the
particle, giving completely in-phase interference. The greatest scattering intensity is
therefore at I(0), and is a measure of the total scattering amplitude of the particle. As Q
increases, so too does the phase difference between waves from separate scattering
centres, and the scattered intensity decreases exponentially. Scattering centres that are
farther apart give rise to completely destructive interference at smaller Q values than
those closer together. At high Q values, completely destructive interference occurs and
there is no scattering contrast of solute against solvent. The decay of the scattering
intensity with Q is descriptive of the distribution of distances within the particle. The
information content of the scattering function I(Q) is thus a reciprocal space
representation of the distribution of distances within the particle.
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3.1.3

The experimental I(Q): solute + solvent

The experimental scattering pattern results not only from solute but also solvent, which
must be subtracted by taking a separate solvent-only measurement. The buffersubtracted I(Q) represents the excess scattering density of the solute. The Debye
formula can be restated to take this contrast against the solvent into account:
ே

ே

 = )ܳ(ܫ ൫݂ െ ߩ°ݒ ൯ (݂ െ ߩ°ݒ )
ୀଵ ୀଵ

sin൫ܳݎ ൯
ܳݎ

3.10

Where ݂ is the scattering factor of volume element j, which has volume ݒ , and
݂ െ ߩ°ݒ is the contrast amplitude of volume element j against the solvent, which has
an approximately homogeneous scattering density ߩ°. The mean scattering density
contrast of a particle of volume ܸ made up of scattering elements ݂ is given by ߩ െ ߩ°,
where the scattering density of the particle is ߩ = σ(݂ )/ܸ. For a typical globular
protein, the electron density is 4.34 × 10ଶଷ e– .cm–3 , while the solvent electron density
is typically 3.34 × 10ଶଷ e– .cm–3 (Mylonas and Svergun, 2007). Proteins therefore have
DQDSSUHFLDEOHPHDQVFDWWHULQJGHQVLW\FRQWUDVWDQGFDQEHµVHHQ¶7KHVOLJKWO\JUHDWHU
compactness of the hydration shell water compared to bulk water means that SAXS
measures the dimensions of the particle plus its hydration shell. Although solvent
electron density increases with salt concentration, decreasing the contrast of solute
against solvent, a typical protein buffer [NaCl] of 0.1–0.3 M is not a challenge for
benchtop SAXS, and synchrotron SAXS instruments are capable of collecting quality
data at high VDOWFRQFHQWUDWLRQV,QWKHUHVWRIWKLVFKDSWHUµVFDWWHULQJ¶ZLOOJHQHUDOO\EH
used to refer implicitly to the excess scattering of the solute, i.e. the I(Q) following
buffer subtraction.
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From reciprocal to real space

A more intuitive reading of the scattering function comes from its real space equivalent,
the pair distance distribution. Inverse Fourier transformation of I(Q) yields the
correlation function Ȗ(r), which gives the probability of finding a distance between ݎ
and  ݎ+ ݀ ݎwithin the particle volume V (Glatter and Kratky, 1982):
ߛ(= )ݎ

ౣ౮
1
sin ܳݎ
න
ܳଶ )ܳ(ܫ
݀ܳ
ଶ
2ߨ ܸ 
ܳݎ

3.11

Where Ȗ(r) is the spherically averaged autocorrelation function of the excess scattering
density and Dmax is the maximum pair distance of the particle. From Ȗ(r) the pairdistance distribution function p(r) may be obtained:
 ݎ = )ݎ(ଶ ߛ()ݎ

3.12

The scattering function can now be restated as a Fourier transform of the distance
distribution function:
ౣ౮

 = )ܳ(ܫͶɎ න

)ݎ(



sin ܳݎ
݀ݎ
ܳݎ

3.13

The p(r) can therefore be obtained from the I(Q) by an inverse Fourier transformation:
= )ݎ(

 ݎଶ ౣ౮ ଶ
sin ܳݎ
න
ܳ )ܳ(ܫ
݀ݎ
ଶ
2ߨ 
ܳݎ

3.14

A plot of p(r) vs r is a histogram of the frequency of each distance r between pairs of
scattering volume elements within the particle, weighted by their respective electron
densities, and is non-zero within the interval Dmin  r  Dmax. Visual inspection of the
p(r) is a good starting point for understanding the meaning of a SAXS pattern and the
general shape and size features of the protein.
The Fourier transform of Eqn. 3.14 requires the complete I(Q). In practice,
however, the experimental SAXS pattern is incomplete because scattering intensity can
only be measured over a limited Q-range, whereas the theoretical I(Q) is a continuous
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function for Q  . The forward scattering intensity I(0) cannot be directly measured,
and Qmin, the first data point, is usually in the range of 0.001–0.01 Å–1. At high Q, the
particle scattering is weak, and typically becomes indistinguishable from buffer
scattering at values of Qmax between 0.2–1.0 Å–1, depending on the detector position. To
collect data over a wide Q-range, two or more separate measurements can be made,
varying the sample-to-detector distance to vary the measured Q-range. The scattering
patterns collected at each detector position are then merged.
The incompleteness of the measured I(Q) and the noisiness of the data mean that
extracting the p(r) can only be achieved by the inexact technique of incomplete Fourier
transformation, as developed by Glatter (1977). Briefly, this process involves
constructing the p(r) by a linear combination of 20–30 orthogonal cubic B-spline
functions ߮௩ (( )ݎEqn. 3.15) GHILQHGLQWKHUDQJHr Dmax, where Dmax must first be
guessed and can be refined iteratively. The expansion coefficients ܿ௩ are chosen to
achieve a p(r) which is smooth, equal to zero at r Dmax, and gives a good least-squares
fit to the experimental I(Q) when transformed to reciprocal space.
ே

 ( = )ݎ ܿ௩ ߮௩ ()ݎ
௩ୀଵ

3.15

From the p(r) function, a number of initial assessments of shape and size can be made.
Visual inspection of the p(r) gives a good first indication of shape, as spheres, rods,
ellipsoids etc. each have characteristic p(r) distributions. The square of the radius of
gyration, which is the root mean squared distance of scattering centres within the
particle from the centre of scattering length density ܴ = ξ ݎଶ , is given by half of the
second moment of the p(r) distribution:
ܴଶ

 ݎ ଶ ݎ݀)ݎ(
=
2 ݎ݀)ݎ( 

3.16
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A second measure of the radius of gyration is provided by linear extrapolation of
a plot of ln I(Q) vs Q2 to I(0) in the region where ܴܳ < 1.3. This is the Guinier
approximation (Guinier, 1939), where the slope of the fit gives Rg:
1
 )ܳ(ܫ؆ (ܫ0) exp ൬െ ܴଶ ܳଶ ൰
3

3.17

A comparison of the p(r)- and Guinier-derived radii of gyration provides a good first
indication of data quality; the two measurements should be in close agreement. Because
the p(r)-derived Rg is calculated from the entire scattering curve, it is generally more
accurate than the Guinier-derived Rg, the accuracy of which depends upon the shape of
the particle.
In the lowest angle (Guinier) region, the measured I(Q) is sensitive to
interparticle repulsion or attraction effects; these are usually present to at least a small
extent and are concentration-dependent. Interparticle effects cause a deviation from
linearity in the Guinier ln [I(Q)] vs Q2 plot, attraction giving an upwards inflection and
repulsion producing a downwards inflection. It is a standard method to collect SAXS
data for the sample at a range of concentrations. If an effect of concentration is detected,
then this can be corrected by extrapolation to zero concentration, or else the highest
concentration with no appreciable effect can be used. A recently developed technique
which circumvents this problem is size exclusion chromatography-coupled SAXS
(SEC-SAXS), and this will be discussed further in Section 3.1.6.
Because the forward scatter results from the in-phase interference of all waves
scattered from the particle, the Guinier measure of I(0) is a useful measure of the total
particle scattering length. I(0) can be expressed as an integral over the entire distribution
of scattering density in the particle:
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ౣ౮

(ܫ0) = 4ߨ න

ݎ݀)ݎ(



3.18

I(0) can therefore be extracted from the p(r) distribution, which is more accurate than
the Guinier extrapolation. Given that the scattering length density of samples such as
protein and DNA can be approximated from literature values, the I(0) can be used to
obtain the particle mass (MM) if calibrated against a protein standard or pure water
(Orthaber et al., 2000):
ܰ (ܫ0)
൨
ܿ
= ܯܯ

ଶ
οߩெ


3.19

Where c is solute concentration, NA LV$YRJDGUR¶VQXPEHUDQGοߩெ is a measure of the
excess scattering length density of protein over solvent per unit mass, given by
οߩெ = [ߩெ,௧ െ (ߩ௦௩௧ ߥҧ )]ݎ

3.20

where ߩ is the number of electrons per gram, ߥҧ is the partial specific volume of protein
(cm3/g) and ݎ is the scattering length of an electron. Typical values of these can be
obtained from literature, so determination of particle mass is straightforward when the
I(0) and concentration are measured (Mylonas and Svergun, 2007). For accurate mass
determination, the limiting factor is usually the concentration measurement rather than
the I(0), and should be performed in multiple using an accurate technique such as
measurement of the UV absorbance at 280 nm, A280 with [protein] determined using the
extinction coefficient (İ280) determined from the amino acid composition.

3.1.5

From 1D to 3D

Despite the relatively low information content of the SAXS pattern, in many cases it is
possible to reproduce low-resolution 3D envelope models ab initio by Monte Carlo
methods (Svergun, 1999, Volkov and Svergun, 2003). Here, the information content of
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the SAXS pattern is complemented by certain assumptions about the structure of the
particle under study. In most ab initio routines the particle is represented by scattering
volume elements (beads), and these are initially randomly arranged like a gas within the
search volume, which is typically defined by the maximum dimension of the p(r)
distribution. A Monte-Carlo based simulated annealing algorithm is then used to
arrange and rearrange these beads in temperature steps, progressively improving the fit
of the model to the target function, which is either the experimental I(Q) or p(r). As the
temperature cools, the requirement for improvement in the fit becomes more stringent,
and eventually the model should reach a stable configuration. This approach is
particularly successful for proteins with shapes that can be described with fewer degrees
of freedom. Proteins with a high amount of anisometry in their structure (mixed
symmetries, interior surfaces, etc.) are usually unable to be modelled unambiguously
based upon SAXS data alone.
Where high-resolution models are available for one or more components of a
protein-protein complex or multi-domain protein, rigid body modelling can be used
instead (Petoukhov and Svergun, 2005). Implementations of this use a simulated
annealing algorithm similar to ab initio bead modelling. Component models are
rearranged following a temperature schedule, iteratively approaching the I(Q) or p(r) as
the target function. To collect more information, subcomplexes/constructs can also be
measured along with whole complexes/full-length proteins, allowing simultaneous
fitting against more than one target function for the whole particle and its components.
Where structural information is missing for components, domains, or linkers, these can
be represented in programs such as BUNCH as dummy residues, in a combined rigid
body/ab initio approach. Rigid body modelling can be complemented by distance
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constraints from a range of techniques, such as chemical crosslinking and mass
spectrometry.

3.1.6

SEC-SAXS

Figure 3.3: Size-exclusion chromatography-coupled SAXS (SEC-SAXS) schematic. An autoinjector (1)
injects the sample into the size exclusion column (2) and the eluate is monitored by a UV/ conductivity/
refractive index detector (3), before passing through the illuminated sample capillary (4). SAXS is
measured for the duration of the elution by the X-ray detector (5), which lies behind the sample, coaxial
with the incident beam. The measured Q-range can be varied by adjusting the sample-to-detector
distance.

The main technical challenge in protein SAXS is to ensure the scattering pattern reflects
only the size and shape of the particle of interest by eliminating the often subtle effects
of interparticle repulsion/attraction, sample polydispersity, impurities, and buffer
mismatch (Jacques and Trewhella, 2010, Jacques et al., 2012a, 2012b). To this end,
good sample preparation is essential. The best practice is to prepare pure protein
samples by gel filtration, followed by extensive dialysis and centrifugation immediately
prior to measurement. The dialysate should be measured as a buffer blank. A
concentration series is measured so that concentration-dependent interparticle
interference/attraction effects can be identified and corrected. Even when following
these practices, however, problems are often encountered. Buffer mismatch can arise
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from subtle effects such as evaporation. Sample measurement capillaries may become
dirtied between measurements or by measurement of a precipitated sample. Samples
often need to travel from the place of gel filtration to the place of SAXS measurement
and may need to be frozen in the interim, resulting in partial aggregation upon thawing.
Size-exclusion chromatography-coupled SAXS (SEC-SAXS) is a recent
innovation that offers a means to avoid the above problems without solely relying on
sample preparation (Mathew et al., 2004), but has thus far only been used in a handful
of published studies (e.g. Watanabe and Inoko, 2009, 2011, Gunn et al., 2011, Wright et
al., 2011, 2013, Griffin et al., 2012, Rosenes et al., 2012, Ozawa et al., 2013). In this
technique, size-exclusion chromatography (SEC) is linked upstream of the SAXS
sample capillary so that the scattering of the eluate is continuously recorded, analogous
to the set-up in SEC-MALLS (multiangle laser light scattering) (Figure 3.3). Following
data reduction, exposures are averaged across the portion of protein elution where the
radius of gyration is constant. Buffer scattering is averaged from the eluate before and
after protein elution. Provided a region of stable radius of gyration is present and
adequate scattering intensity can be averaged from this region, this technique can
significantly lessen the problems of interparticle interference, impurities, sample
polydispersity and buffer mismatch. SEC-SAXS is only possible at synchrotron SAXS
beamlines, where the high X-ray flux allows measurement of an adequate scattering
intensity in very brief exposures.

3.2 General methods
3.2.1

Benchtop SAXS

Proteins were prepared as described in Chapter 2, dialysed extensively into buffer
described below and clarified immediately prior to measurement by two centrifugation
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steps at 20 000 × g, 10 min. Preliminary SAXS data were collected for GstDnaB,
BsuDnaI, and GstDnaB-BsuDnaI using the Bruker Nanostar benchtop SAXS instrument
at ANSTO (Lucas Heights, N.S.W.). Concentration series were measured for each
sample, as were buffers taken from dialysates. Samples were measured in successive
one hour exposures, until an adequate quality was reached for each. Scattering from a
glassy carbon standard was recorded prior to each sample measurement so that the
scattering intensity could be placed on an absolute scale.

3.2.2

Synchrotron SAXS

Synchrotron SAXS data were collected at the SAXS beamline of the Australian
Synchrotron in 2011, 2012 and 2013. In these measurements, samples were made to
flow through a quartz sample capillary (1.5 mm internal diameter), illuminated by a
collimated 11 keV (1.13 Å) X-ray beam with dimensions at the capillary surface of 0.25
× 0.15 mm (FWHM). X-ray scattering was recorded by a Pilatus 1 M area detector
(DecTris, Baden) which detects X-rays at pixelated silicon sensors coupled to CMOSbased readout electronics. The scattering of pure water was measured as a standard so
that experimental scattering intensities were automatically placed on an absolute scale
by the beamline software, ScatterBrain. Two types of experiment were performed: static
and chromatography-coupled; these are described in the following sections.

3.2.3

Static sample measurements

+HUH µVWDWLF¶ LV XVHG WR GLVWLQJXLVK WKLV WHFKQLTXH IURP FKURPDWRJUDSK\-coupled
measurement. In these experiments, 50 μL samples were drawn from 96-well plates by
an autosampler and passed through the quartz sample capillary at 4 μL.s–1 while SAXS
was recorded. For each sample, scattering of buffer from the dialysate was measured

CHAPTER 3. HELICASE AND HELICASE LOADER SAXS

91

first, followed by a concentration series from low to high, followed by a second buffer
measurement. By flowing the samples, radiation damage due to the high X-ray flux of
the synchrotron beamline was avoided. For each sample, five 2 s exposures were
measured, with a 50 ms detector reset between exposures. These exposures were
averaged in the ScatterBrain or SAXS15ID software to improve the signal-to-noise
ratio, excluding any exposures that differed from the others due to, e.g., the passage of
an air bubble through the sample capillary.
Scattering patterns from BsuDnaI, GstDnaB, and GstDnaB-BsuDnaI were
measured in the presence and absence of nucleotide cofactors ADP and AMP-PNP, both
with and without MgCl2. The base buffer (50 mM Tris.HCl pH 8.0, 0.1 M NaCl, 1 mM
EDTA, 0.5 mM TCEP) was taken from the dialysate after an extensive dialysis.
Measurements were made for the protein in base buffer and extra conditions, where
protein (153.6 μL) had been mixed by a pre-calibrated air displacement pipette with
6.4 μL of a solution containing 50 mM Tris.HCl and an additive to give final
concentrations as specified in Table 3.1.

Table 3.1: Additional conditions for DnaB and DnaI SAXS measurement. These were achieved by taking
153.6 μL of protein in condition C0 and adding 6.4 μL of solution containing 50 mM Tris.HCl and a
concentration of additive(s) to reach a certain final concentration as listed in column three. Equivalent
additions were performed with base buffer using a well-calibrated pipette to obtain buffer blanks.
Final additive concentration
Condition name
Additive
(mM)
C0

None.

-

C1

Tris.HCl only

50

C2

MgCl2

2

C3

AMP-PNP

10

C4

ADP, MgCl2

2.5, 10

C5

AMP-PNP, MgCl2

10, 10
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3.2.4

SEC-SAXS measurements

SEC-SAXS was measured at the Australian Synchrotron in June 2012 and March 2013,
using a Wyatt WTC-030S5 7.8 × 300 mm SEC columQSDFNHGZLWKȝPFRDWHGVLOLFD
beads with a pore size of 300 Å and nominal separation range of 5–1250 kDa. The
column was kept at 12°C and coupled to a Shimadzu HPLC system with 280 and
260 nm wavelength absorbance detectors and a conductivity detector. Samples
( 100 μL) were injected by an auto-loader in the HPLC system from a 96-well plate.
Narrow-bore tubing carried the eluent from the SEC column directly into the quartz
measurement capillary (the same capillary used for static samples) before passing into a
waste bucket (Figure 3.3). SAXS was recorded for each sample for the duration of
elution. Measurements in 2012 used a rate of 0.5 mL.min–1 with SAXS recorded in 2 s
exposures, while in 2013 measurements used a flow rate of 0.2 mL.min–1 with SAXS
recorded in 5 s exposures. The lowered flow rate of the 2013 measurements gave an
improved signal-to-noise ratio, but was still fast enough that radiation damage was
avoided. The increased exposure time allowed the radius of gyration and I(0) to be
calculated from individual exposures so that the SAXS elution profile could be
produced without the need for binning exposures. Other details of the experimental
setup (detector, wavelength, etc.) are as described for static synchrotron SAXS in the
previous section.

3.2.5

Initial data treatment

A general methodology will be described here; where additional steps have been applied
they are detailed in relevant sections. Raw data were collected from X-ray detectors as
two-dimensional images of sample and buffer scattering intensity. The angle-to-Q
calibration of the detectors had been pre-calculated by the instrument scientists of
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ANSTO and the Australian Synchrotron using the known diffraction peaks of standards,
e.g. silver behenate. Two-dimensional images were radially averaged to give the
scattered X-ray intensity as a function of Q. Buffer scattering intensity was then
subtracted from sample scattering intensity to give the protein I(Q). All I(Q) curves
presented here show Q on an absolute scale and intensity on a log10 scale. The ATSAS
2.3 software suite (Petoukhov et al., 2012) was used for initial data analysis, and
programs named in capital letters are from that suite. PRIMUS was used for initial data
visualisation, buffer subtraction, curve comparisons, averaging, scaling, merging, and
truncation. Experimental SAXS and SANS curves presented in this work show data
either as scatter plots, where each point represents the binned intensity at that Q-value,
or as joined lines in the case of data with very low noise.
Guinier analysis to obtain the radius of gyration, I(0), and assessment of
concentration effects was conducted using AUTORG in two iterations: first to
determine the first usable data point (Qmin), and secondly after truncation to the Qmin. In
the case of static SAXS samples, the I(0) and measured protein concentration were used
to determine the molecular mass as described by Eqn. 3.19 (page 86), with an assumed
protein partial specific volume ݒҧ = 0.7425cm3.g–1 (Mylonas and Svergun, 2007).
Pair

distance

distributions

were

obtained

by

AUTOGNOM,

while

AUTOPOROD was used for Porod analysis. Theoretical SAXS distributions of atomic
structures (as Protein Data Bank files) were calculated by CRYSOL.

3.3 BsuDnaI
3.3.1

Background and aims

SAXS measurements of BsuDnaI were conducted with the aim of identifying the
structure of the full-length protein in solution. Whereas individual domains in
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eukaryotic proteins often tend to be well-defined and spaced by linkers (like beads on a
string), prokaryotic proteins often have bigger interdomain interfaces (Ekman et al.,
2005). This means domain boundaries are often difficult to define, and structures of
domains determined in isolation may not pertain within full-length proteins. The atomic
structures of the NTD and CTD of DnaI are known (Loscha et al., 2009, Tsai et al.,
2009), and provided these domain structures are unchanged within the full-length
protein, a measurement of the spacing and alignment between these domains should
give a good measure of the full-length protein structure. Of particular interest was the
question of whether the NTD and CTD are folded together or have a more extended
conformation in solution. Although it is a relatively low-information structural
technique, SAXS can give accurate measurements of overall protein shape and
dimensions, and is well-suited to answering these types of structural questions.

3.3.2

Methods

Benchtop SAXS measurements of BsuDnaI were conducted with the general
methodology described in Section 3.2.1. Static synchrotron SAXS measurements for
BsuDnaI were recorded in June 2011. Samples were measured in ascending order of
concentration, with buffer measurement preceding and following measurement of each
concentration series. Samples were measured as described in Section 3.2.3. Sample
concentrations were kept low to minimise aggregation, which has previously occurred
for BsuDnaI at concentrations as low as 1 g.L–1, depending on the buffer conditions.
The results of these static benchtop and synchrotron measurements were consistent with
later, higher-quality SEC-SAXS measurements, and will not be described in detail.
SEC-SAXS measurement of BsuDnaI was conducted in March 2013, using a 100 μL
sample at 2.7 g.L–1. A sample-to-detector distance of 1600 mm was used.
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Results

The SEC-SAXS measurement gave the highest quality data, and will be described here.
The static SAXS and benchtop SAXS measurements gave scattering curves consistent
with the SEC-SAXS, but with greater noise in the scattering intensities, especially at
low angle.
The protein eluted in SEC-SAXS as a single peak (Figure 3.4), with stable radii
of gyration across the elution peak. Eleven exposures were averaged across the range of
high intensity scattering, and scattering of the buffer from a region prior to protein
elution was subtracted to yield the scattering pattern (Figure 3.5).

Figure 3.4: SEC-SAXS elution profile of BsuDnaI. The protein eluted in a single peak, and exposures
were averaged across the region of high scattering intensity and stable radius of gyration, between 8.92–
9.11 mL, as indicated by vertical red bars. Buffer scattering was averaged over 15 exposures in the region
of 8 mL. Radius of gyration and I(0) values shown here were calculated from individual, buffersubtracted 5 s exposures.
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Figure 3.5: Buffer-subtracted I(Q) of BsuDnaI obtained by SEC-SAXS measurement. Errors associated
with each data point, calculated as the standard deviation in the radial intensity averaging, are not
displayed in this work.

Guinier analysis of the scattering pattern indicated a radius of gyration of 31.4 ±
0.1 Å (Figure 3.6), while the pair distance distribution gave a radius of gyration of 32.7
± 0.4 Å and a maximum dimension of 110.2 Å. The distance distribution (Figure 3.7) is
typical of an elongated protein, with a long shoulder region at high distances.

Figure 3.6: Guinier analysis of the Bsu'QD,6$;6SDWWHUQ7KHILWLVLQWKHUDQJHQ.Rg 
and indicates a radius of gyration of 31.4 ± 0.1 Å.
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Figure 3.7: Pair distance distribution of BsuDnaI calculated the Q-range 0.0238–0.2498 Å–1, indicating a
maximum dimension of 110.2 Å and radius of gyration of 32.7 ± 0.4 Å. The distribution is characteristic
of an elongated particle. The dashed red line is at p(r) = 0.

3.3.4

Analysis and 3D modelling

BsuDnaI was initially modelled against the scattering data by the combined rigid bodyab initio modelling program BUNCH (Petoukhov and Svergun, 2005). This program
takes the atomic structures of each domain as input, along with the amino acid sequence
of the full length protein and the experimental scattering curve. Missing terminal and
interdomain loops (or even entire domains) are modelled as a chain of dummy residues.
The optimal arrangement of the atomic structures and dummy residues are found by a
simulated annealing routine, which varies the position and orientation of the domains
and dummy residues at each step. The experimental scattering curve provides the target
function to which the simulated scattering of the model iteratively converges.
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Figure 3.8: (A) Alignment at the CTD of ten models of BsuDnaI created by BUNCH modelling against
the experimental SEC-SAXS scattering pattern. The BsuDnaI-NTD atomic NMR structure and homology
modelled BsuDnaI-CTD were used as input, with the 16 residues at the N-terminus omitted along with the
missing four interdomain residues and two residues at the C-terminus. These missing terminal and
interdomain residues were modelled as dummy residues by BUNCH, which followed a simulated
annealing procedure to position and orient the two domains and the dummy atom chains (visible in the
models as spheres). (B) Comparison of the experimental scattering with the simulated scattering of a
representative BUNCH model. Note the deviation from the experimental scattering in the region Q > 0.16
Å–1.

The BsuDnaI-NTD atomic structure was adapted from the published NMR
structure (PDB: 2K7R; Loscha et al., 2009), with the 16 flexible residues at the Nterminus removed and modelled instead by dummy residues. The BsuDnaI-CTD atomic
model was created by homology modelling against the GkaDnaI-CTD crystal structure
(PDB: 2W58; Tsai et al., 2009) using SWISS-MODEL (Arnold et al., 2006), which also

CHAPTER 3. HELICASE AND HELICASE LOADER SAXS

99

modelled the missing intra-domain loops. The identity of the amino acid sequence of
Gka and BsuDnaI-CTD is 58%, with 77% similarity as determined by BLAST
alignment (Altschul et al., 1990) in the region in which GkaDnaI crystallised (residues
111–309), so the structural model should be of high reliability. The four missing
interdomain residues (107–110) and two residues missing from the C-terminus were
also modelled as dummy residues. Ten models were produced by BUNCH. These
varied significantly in the interdomain orientation, and although these had reasonable
goodness-of-fit statistics, all had a lower scattering intensity than the experimental
scattering in the region Q c–1 (Figure 3.8).
Because the interdomain hinge region of BsuDnaI likely allows for a degree of
flexibility in the structure in addition to the flexibility of the N-terminal random coil, an
ensemble modelling approach that can account for this flexibility was employed. The
program EOM (Ensemble Optimisation Method 2.0) was used to identify an ensemble
of configurations consistent with the measured SAXS of BsuDnaI, rather than a single
best representative structure (Bernado et al., 2007). This program constructs the model
from the same input and in the same way as described for BUNCH, with dummy
residues substituted for missing interdomain and terminal loops. The same models of
the NTD and CTD that were used in BUNCH, were used as input for EOM. A pool of
10,000 independent models of full-length BsuDnaI in different configurations was
generated from these by EOM, maintaining the domain structures as rigid bodies while
varying the distance and orientation between these as a function of the conformation of
the interdomain linker. EOM then applied a genetic algorithm to select an ensemble
from within this pool that reproduces the experimental scattering pattern after linear
combination of the theoretical scattering patterns of each member of the ensemble.
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From 10,000 configurations, an ensemble of only three was chosen, with each of these
three models representing a different proportion within the ensemble (Figure 3.9).

Figure 3.9: (A) Alignment at the CTD of the 3 conformations of BsuDnaI selected from a pool of 10,000
by EOM, each conformation is represented by a volume fraction given by the percentage shown in the
inset pie chart, and together in these fractions they comprise the selected ensemble. (B) The averaged
theoretical scattering intensity of the ensemble gives a close fit to the experimental scattering of BsuDnaI,
Ȥ2 = 0.284.
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Discussion

The main finding of these SAXS data is that the two domains of BsuDnaI are not folded
against one-another, but adopt an extended conformation joined by a short linker. The
NMR and MX atomic models of each respective domain are consistent with their
solution structures within the full-length protein, within the SAXS resolution of ~10–
15 Å. Given the apparent minimal contact between these domains, interdomain allostery
seems unlikely in this conformation. Ioannou et al. (2006) found, however, that while a
BsuDnaI-CTD construct is capable of binding ssDNA, the full-length protein only binds
ssDNA when bound to GstDnaB through its NTD. This suggests interdomain allosteric
signalling in full-length DnaI, in which the NTD prevents the CTD from binding
ssDNA in the absence of DnaB, and releases it when bound to DnaB. It is possible the
linker between the two domains allows a wider range of relative domain motion than is
reflected in the EOM modelling. In this case, it appears that while the extended
conformation is predominant, it is possible that within the ensemble there may be more
compact conformations of low occupancy, resulting from low-frequency conformational
modes that are poorly represented in the SAXS data and are therefore not represented in
the modelled ensemble.

3.4 GstDnaB6
3.4.1

Background and aims

SAXS measurements of GstDnaB6 were recorded to compare with the published crystal
structures, which are in two main conformations: planar and non-planar (Section 1.2.2).
These measurements were carried out with three possible outcomes in mind: the
measured SAXS would fit to either one conformation or the other, to a linear
combination of these two conformations, or would not be fully described by any
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combination of the available atomic structures. Because the translocation cycle of the
helicase is powered by NTP hydrolysis, measurements were made in the presence and
absence of ADP, ATP and an ATP analogue, to see whether these would have any large
scale effect on the protein.

3.4.2

Methods

The Bruker Nanostar benchtop SAXS instrument at ANSTO was used for initial
measurement of GstDnaB, following the procedures outlined in Section 3.2.1. Further
measurements of GstDnaB6 were recorded with static samples at the Australian
Synchrotron to measure the effects of AMP-PNP, ADP, and MgCl2. Concentrations of
pure protein samples were 2.4, 1.2, and 0.6 g.L–1 in the dialysis buffer and conditions
C0–C4 (Table 3.1). A sample-to-detector distance of 900 mm was used.
Because the GstDnaB6 SAXS pattern recorded with static samples differed from
that of the available crystal structures (planar rings), higher-quality data were sought to
verify this observation. SEC-SAXS was therefore employed to ensure accuracy of the
lowest-angle measurements, and separation of GstDnaB from any contaminating
species. GstDnaB (100 μL at 3.5 g.L–1) was injected into the SEC column in buffer Aଵହ
ହΨ
(50 mM Tris.HCl pH 7.6, 150 mM NaCl, 1 mM TCEP, 5% v/v glycerol) and eluted
through a quartz capillary at 0.5 mL.min–1  ȝ/V–1) while taking 2 s SAXS
exposures at sample-to-detector distances of 1600 and 3349 mm.
In 2013, further SEC-SAXS was measured, in the presence of 1 mM ATP and 5
mM MgCl2$ȝ/VDPSOHDWJ/–1 was injected into the column, and eluted at
0.2 mL.min–1 in buffer Aଵହ
ହΨ + 5mMMgClଶ + 1mMATP This measurement was also
conducted at camera lengths of 1600 and 3349 mm, with 5 s exposures.
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Results

3.4.3.1 GstDnaB6 in the absence of ATP

Figure 3.10: SEC-SAXS elution profile of GstDnaB in the absence of ATP. The radii of gyration were
calculated from bins of five 2 s exposures. The I(0) values are numerically equal to the 5 × 103 multiple of
the values on the right axis, in units of cm–1. Scattering data were averaged across the region of Rg
stability, between 8.3 and 8.8 mL elution volume, as indicated by the region bounded by vertical red bars.
The elution profile of GstDnaB in the presence of ATP was very similar.

Guinier analysis of the static synchrotron SAXS measurements in the control buffer C0
at a concentration of 1.218 g.L–1 gave a forward scattering intensity I(0) = 0.264 cm–1,
corresponding to a mass of 300 kDa (cf. hexamer mass 303 kDa), according to Eqn.
3.19. In other conditions, the static SAXS measurements did not give reliable scattering
at low Q, and mass estimates from these vary. The highest-quality SAXS pattern for
GstDnaB6 in the absence of ATP was obtained by merging its SEC-SAXS I(Q) at lower
Q with the static synchrotron scattering, and this will be presented below.
The SEC-SAXS elution profile indicates that some aggregates or other
impurities eluted prior to GstDnaB (Figure 3.10). High quality data were obtained by
averaging across the range of stable radius of gyration of 8.3–8.8 mL. To extend the Qrange of GstDnaB in the absence of ATP to higher angles, the buffer-subtracted
scattering pattern of the static sample protein in condition C1 at high Q was merged
with the lower angle I(Q) of the protein from SEC-SAXS (Figure 3.11). Guinier
analysis in the range 0.744  Q.Rg  1.277 gave a radius of gyration of 49.02 ± 0.01 Å
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(Figure 3.12). The p(r) distribution has a maximum dimension of 167.9 Å, with 99.9%
of the area under the curve contained within the region up to 150 Å (Figure 3.13).
Porod analysis indicated a volume of 546 nm3, 3.6% greater than the 527 nm3 envelope
volume of the GstDnaB6 crystal structure (PDB: 2R6D).

Figure 3.11: Merging of GstDnaB data at lower Q (0.015–0.157 Å–1) from SEC-SAXS at a camera length
of 3349 mm with scaled data at higher Q (0.122–0.643 Å–1) from static synchrotron SAXS at a camera
length of 900 mm.

Figure 3.12: Guinier analysis of GstDnaB produced in the range 0.744  Q.Rg  1.277, indicating a
radius of gyration of 49.02 ±0.01 Å.
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Figure 3.13: Pair distance distribution of GstDnaB, calculated from scattering data in the range 0.0155 
Q  0.1629 Å–1. The distribution has a radius of gyration of 48.5 ± 0.2 Å and maximum pair distance of
167.9 Å, with 99.91% of the area under the curve contained within the distribution between 0150 Å.
Error bars are shown within the thickness of the curve.

3.4.3.2 GstDnaB6 in the presence of ATP

Figure 3.14: SEC-SAXS elution profile of GstDnaB measured at a camera length of 3300 mm with ATP
and MgCl2 present. Scattering was averaged in the range 6.98–7.40 mL as indicated by the region
bounded by red bars; this region was selected to avoid any possibility of contamination by the earliereluting species centred at ~6.6 mL. Note that the elution volume here is less than in Figure 3.10, where
the elution was performed with a guard column attached and the two elution volumes cannot be directly
compared.

SEC-SAXS elution profiles of GstDnaB6 in the presence of ATP at both camera lengths,
1600 mm and 3300 mm, were analysed as described for the non-ATP sample. The
elution profiles at each camera length were identical; the protein eluted in a single peak
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preceded by some impurities (Figure 3.14). Sample scattering was averaged across the
region of stability in the radius of gyration and buffer scattering was subtracted before
merging the data from the two camera lengths to give the final scattering curve (Figure
3.15).
The Guinier radius of gyration of GstDnaB6 in the presence of ATP was 49.9 ±
0.1 Å, while the p(r)-derived radius of gyration was 49.5 ± 0.2 Å, with a maximum
dimension of 167.1 Å. Although the two curves are mostly identical, as are their
associated radii of gyration and maximum dimensions, the scattering curve of GstDnaB6
in the presence of ATP has a less pronounced bump at ~0.1 Å–1. A similar difference
was also observed in static synchrotron SAXS measurements, where the condition with
no nucleotides gave a more pronounced bump than when 2.5 mM ADP was present.

Figure 3.15: Comparison of GstDnaB6 static and SEC-SAXS curves in the absence of nucleotides (green
and olive) and the presence of 1 mM ATP in SEC-SAXS (purple), 2.5 mM ADP in static SAXS (orange)
and 10 mM AMP-PNP in static SAXS (cyan). There is a smoothing of the bump around 0.1 Å–1 in the
samples containing nucleotides. The static SAXS samples have inflections at the very lowest Q-region
causing radii of gyration ~3 Å greater than those of the SEC-SAXS samples. The scattering curves from
all the static samples with no NTP present (conditions C0–C2) were superimposable, and are not all
shown here. Conditions C3 and C5, which contained AMP-PNP and differed only in the presence and
absence of MgCl2 also were superimposable and only the result from condition C3 is shown here.
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Figure 3.16: Comparison of GstDnaB6 p(r) distributions in the presence (green) and absence (purple) of
ATP. The sample with ATP present has a real-space radius of gyration of 49.5 ± 0.2 Å and a maximum
dimension of 167.1 Å, compared with the non-ATP sample real space radius of gyration of 48.5 ± 0.2 Å
and maximum dimension of 167.9 Å.

3.4.4

Analysis and model comparison

To compare the experimental GstDnaB SAXS patterns with the published atomic
structures of the GstDnaB hexamer, the homology modelling program SWISS-MODEL
(Arnold et al., 2006) was used to restore the loops that were missing from the atomic
models of GstDnaB in both its planar and non-planar conformations (PDB accession
codes 2R6E and 4ESV, respectively, with DNA removed from 4ESV), so that the total
scattering length of these models would be equal to that of the full-length GstDnaB6 as
measured. The calculated scattering patterns of these models were then compared with
the experimental data (Figure 3.17). There is a discrepancy between the experimental
SAXS and the crystal structures, in the same region in which there is a difference
between the two crystal VWUXFWXUHV   Q   c–1. The experimental scattering
patterns are most similar to the non-planar GstDnaB structure, which has a less
pronounced local maximum in this region compared with the planar structure.
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Figure 3.17: Comparison of the GstDnaB experimental scattering patterns with and without ATP (purple
and green) with the theoretical scattering of the planar (cyan) and non-planar (red) GstDnaB6 models,
where missing loops in these crystallographic models were restored by Swiss-Model before calculating
the theoretical SAXS.

Fifteen ab initio models of GstDnaB6 were generated by the program GASBOR
(Svergun et al., 2001), with C3 symmetry imposed and the total number of residues
specified. Each bead in the model represents a single amino acid residue, which are
spaced in a chain-like ensemble where there are rules to govern the preferred number of
neighbours for each residue and the inter-residue spacing. The arrangement of these
beads follows a simulated annealing algorithm that converges on a fit to the
experimental I(Q) (in the absence of nucleotide). The fifteen resulting bead models and
their enantiomorphs were aligned and compared by the program DAMAVER in
automatic mode. The most representative model had a normalised spatial discrepancy
statistic (the NSD, which tends to zero for spatially identical structures; Kozin and
Svergun, 2001) of 1.53, while the mean NSD for the fifteen ab initio models was 1.6 ±
0.2, indicating similarity in these models. All gave a close fit to the measured SAXS
(Figure 3.18). The planar crystal structure of GstDnaB6 was fit into the most
representative ab initio model by the program SUPCOMB, with an NSD of 1.19.
Although the non-planar structure gives a better theoretical fit to the measured SAXS,
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because the GASBOR model is planar the planar structure was fit for comparison. The
model reproduces the general features of GstDnaB6, but with a more compact C-domain
ring and greater density at each of the three vertices of the N-domain collar.

Figure 3.18: (A) Views of the most representative of fifteen GASBOR ab intio simulated annealing
models (grey spheres, with aquamarine hydration shells), with a planar GstDnaB model (PDB 2R6D,
with red CTD and light blue inner NTD subunits and blue outer NTD subunits) fit using SUPCOMB,
with a normalised spatial discrepancy (NSD) between the crystal structure and the GASBOR model of
1.19. (B) Fit of the most representative GASBOR model to the experimental scattering pattern of
GstDnaB6 in the absence of ATP.
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3.4.5

Discussion

The measured scattering is more similar to the non-planar GstDnaB6 I(Q) than the
planar I(Q), which has a more pronounced local maximum at ~0.1 Å–1. It is apparent
that any non-zero combination of the planar conformation with the non-planar could
only result in a poorer fit to the experimental scattering. Unless there are major
conformations unaccounted for, this suggests that the solution structure or structural
ensemble more closely resembles the non-planar conformation, with only minimal or
zero representation of the planar configuration in the solution ensemble. It is indeed
probable that there are unaccounted conformations. In particular these might include the
other non-planar conformations relevant to translocation, such as one in which the split
between the NTD ring and CTD ring is non-aligned, as predicted by Itsathitphaisarn et
al. (2013).
Considering that the local maximum region near 0.1 Å–1 is where the difference
between the planar and non-planar models is apparent in their I(Q) functions, the small
but consistently present difference in this same region between the experimental
scattering in the presence and absence of NTPs is of significance. Because NTP binding
and hydrolysis drives the translocation cycle on ssDNA (Section 1.2.2), which involves
large-scale motion of subunits along the axis of pseudo symmetry, this difference in the
presence of NTP may reveal an effect of NTP on the translocational ensemble. On the
other hand, it is possible that the conformational ensemble relevant to translocation is
not represented, or is only marginally represented in the solution ensemble with DNA
absent.
In any case, an effect of NTP binding on conformation should still be expected.
Velten et al. (2003) showed that BsuDnaC helicase requires ATP to assemble as a
hexamer (Section 1.3.3). ATP presumably strengthens the binding interfaces of the
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RecA-like CTD ring. By contrast, GstDnaB helicase does not require nucleotide to
assemble as a hexamer. This might be explained if GstDnaB has a stronger NTD
interface, sufficient for hexamer assembly and stability without the need for assembly at
the CTD interface. Nevertheless, an effect of NTP binding by the CTD ring of GstDnaB
would likely effect the same conformational changes as BsuDnaC undergoes at its CTD
ring to enable hexamerisation.
The discrepancy between the planar and non-planar conformations as reflected
in the SAXS pattern is sufficiently minimal that a planar bead model can be produced
ab initio on the basis of an apparently non-planar solution structure. It would be useful
in this case if the option of pseudo rotational symmetry were allowed in the ab initio
modelling program, to reproduce helical structures. This would allow non-integral
repeated displacements of the asymmetric unit along the axis of rotational symmetry.
The length of displacement could be specified or otherwise allowed to float to minimise
the final discrepancy from the experimental scattering.

3.5 EcoDnaB6
3.5.1

Background and aims

Despite intensive structural investigation, EcoDnaB6 has proven resistant to crystal
structure determination, and apart from crystal and NMR structures of the NTD (Fass et
al., 1999, Weigelt et al., 1999), much of the structural knowledge about this protein has
a basis in homology modelling against the GstDnaB structure. EcoDnaB (471 residues;
314.3 kDa as hexamer) shares 69% sequence similarity with GstDnaB (454 residues;
303.9 kDa as a hexamer), with the most notable difference being a flexible 15-residue
region at the N-terminus (Weigelt et al., 1998) present in EcoDnaB but not GstDnaB.
SEC-SAXS was measured to compare EcoDnaB with GstDnaB.

112

3.5. ECODNAB6

3.5.2

Methods

EcoDnaB6 was prepared by Dr Zhi-Qiang Xu (University of Wollongong). Static
synchrotron SAXS was measured in 2011 and SEC-SAXS was measured in 2013 using
the general methods described in Section 3.2. In SEC-SAXS, EcoDnaB6 was eluted in a
buffer containing 50 mM Tris.HCl pH 7.6, 50 mM NaCl, 5 mM MgCl2, 1 mM ATP, 1
mM TCEP, 5 % v/v glycerol. Under these conditions, EcoDnaB is known to elute from
gel filtration as a hexamer (San Martin et al., 1995). Measurements were conducted at
detector distances of 3300 and 1600 mm.

3.5.3

Results

Figure 3.19: SEC-SAXS elution profile of EcoDnaB6 at a 3300 mm camera length. Scattering data were
averaged in the region bounded by vertical red bars, 6.837.10 mL.

EcoDnaB6 eluted in a single peak, at an elution volume corresponding to a
hexamer (Figure 3.19). The A280 trace has a higher baseline absorption prior to the
elution peak compared to post-elution, and there was a small difference in the SAXS
patterns for the buffer before and after elution. Protein scattering data were averaged in
the range 6.837.10 mL, and the buffer scattering subtracted using a region following
protein elution. This gave reasonable radius of gyration estimates compared to the pre-
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elution buffer. Data reduction and processing was also carried out for the data collected
at a camera length of 1600 mm in the equivalent region of protein elution, and the low
and high angle data were merged (Figure 3.20). Guinier analysis indicates a radius of
gyration of 49.4 ± 0.2 Å (Figure 3.21), while the pair distance distribution gives a value
of 49.13 ± 0.03 Å and a maximum dimension of 169.2 Å (Figure 3.22).

Figure 3.20: Merging of low- (blue) and high-angle (red) SEC-SAXS patterns of EcoDnaB6, taken from
measurements at detector distances of 3300 and 1600 mm, respectively.

Figure 3.21: Guinier analysis of EcoDnaB6 SAXS FXUYH ZLWKLQ WKH UHJLRQ   Q.Rg  
indicating a radius of gyration of 49.4 ± 0.2 Å.
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Figure 3.22: Pair distance distribution of EcoDnaB6, indicating a radius of gyration of 49.13 ± 0.03 Å and
a maximum dimension of 169.2 Å, with 99.5% of the area under the curve contained within the region
150 Å.

3.5.4

Analysis

There is a close similarity in the SAXS patterns and pair distance distributions of
EcoDnaB6 and GstDnaB6 (Figure 3.23). GASBOR modelling of a C3 symmetrical form
of EcoDnaB6, following the same method as for GstDnaB6, reproduced a very similar
most representative bead model (Figure 3.24). The structures of these homologous
proteins in solution therefore appear to be very similar.
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(A)

(B)

Figure 3.23: (A) Comparison of the SAXS curves of EcoDnaB6 and GstDnaB6 with and without ATP and
the planar and non-planar crystal structures (PDB: 2R6E and 4ESV; Bailey et al, 2007, Itsathitphaisarn et
al., 2012). (B) Comparison of p(r) distributions. EcoDnaB6 was measured in the same buffer condition as
GstDnaB6 with ATP; however its SAXS and p(r) curves are more similar to those of GstDnaB6 without
ATP.
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Figure 3.24: Views of the most representative GASBOR ab initio model of EcoDnaB6 (grey spheres,
with aquamarine hydration shell), aligned with a planar crystal structure of GstDnaB6 (red CTD and blue
NTD; 2R6E; Bailey et al., 2007) using SUPCOMB, which gave an NSD for the fit of 1.30. The fifteen
GASBOR models had a mean NSD 1.5 ± 0.1, with one outlier.
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3.6 EcoDnaB6-EcoDnaC6
3.6.1

Aims and background

As discussed in Section 1.3, the DnaB helicase in E. coli is believed to load onto DNA
by a ring breaking mechanism, after forming an EcoDnaB6-DnaC6 complex (482 kDa)
with the helicase loader protein. To assess this complex for structural similarity to the
GstDnaB6-DnaI6 complex (520 kDa), SEC-SAXS measurements were conducted with
ATP and MgCl2 present in the buffer, because these are a known requirement for the
complex to remain intact (Donate et al., 2000).

3.6.2

Methods

EcoDnaB6-DnaC6 reconstituted from separately-purified EcoDnaB6 and EcoDnaC as
described (Barcena et al., 2001) and was a gift of Dr Zhi-Qiang Xu (University of
Wollongong). SEC-SAXS was measured for this complex in 2013 in the same
conditions as described for EcoDnaB6, at both 3300 and 1600 mm camera lengths.

3.6.3

Results

EcoDnaB-DnaC eluted in a single peak at the expected volume for a dodecameric
EcoDnaB6-DnaC6 complex, with a stable radius of gyration across the range of elution
(Figure 3.25). Scattering data were averaged across this region, and in the equivalent
region in the 1600 mm measurement before buffer subtraction and merging of these low
and high Q data to give the final scattering curve (Figure 3.26). Guinier analysis of the
scattering curve indicated a radius of gyration of 56.6 ± 0.1 Å (Figure 3.27), while the
pair distance distribution indicated a radius of gyration of 56.4 ± 0.1 Å (Figure 3.28).
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Figure 3.25: SEC-SAXS elution profile of EcoDnaB6-DnaC6, measured at a camera length of 3300 mm.
The protein eluted in a single peak centred at 6.7 mL, consistent in elution volume with a dodecameric
EcoDnaB6-DnaC6 complex. Scattering was averaged across the range 6.45–6.87 mL, as indicated by the
region bounded by red bars.

Figure 3.26: Scattering curve of EcoDnaB6-DnaC6, obtained by merging low-Q data collected at a
camera length of 3300 mm and high-Q data collected at a camera length of 1600 mm.
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Figure 3.27: Guinier analysis of EcoDnaB6-DnaC6 LQWKHUDQJHQ.Rg LQGLFDWLQJDUDGLXV
of gyration of 56.6 ± 0.1 Å.

Figure 3.28: EcoDnaB6-DnaC6 pair distance distribution, indicating a radius of gyration of 56.44 ± 0.08
Å and a maximum dimension of 198.06 Å. Error bars are shown and are within the thickness of the curve.

3.6.4

Analysis

Static SAXS measurements of the EcoDnaB6-DnaC6 complex in similar buffer
conditions were published by Arias-Palomo et al. (2013) shortly after the SEC-SAXS
measurements reported here were taken (Figure 3.29). While the two scattering curves
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have broadly similar shapes and a similar decay in the lowest angle scattering, there is a
discrepancy between these data in the range Q > 0.07 Å–1. This may reflect real
differences between these samples, a buffer mismatch problem, or a combination of
these.
(A)

(B)

(C)

Figure 3.29: (A) EcoDnaB6-DnaC6 SAXS pattern reported by Arias-Palomo et al. (2013), with a fit to the
data given by the blue line. (B) The p(r) transformation of the SAXS data in Panel (A). These two figures
were taken from Panel G of Figure S2 in Arias-Palomo et al. (2013). (C) Comparison of the EcoDnaB6DnaC6 SAXS pattern reported in this work with the equivalent data of Arias-Palomo et al.. The published
data were reproduced from the image in (A) by manually indexing pixels from the digital copy, and then
linear transforming these to I(Q) vs. Q, with the linear transformations obtained by least squares linear
fitting of pixel indices vs. the printed axis values, before interpolation.

There is a smoother decline to the maximum dimension in the long-distance region of
the p(r) distribution in the work reported here, which may be the result of the higherquality lowest-angle scattering obtainable by SEC-SAXS. Bumps and abrupt declines in
the p(r) at the maximum dimension are an indicator of interparticle attraction or
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polydispersity which increase the size estimate, in terms of both Dmax and Rg. This may
explain the greater radius of gyration for EcoDnaB6-DnaC6 of 60.3 Å observed by
Arias-Palomo et al., compared with that reported here, 56.4 Å. It is also worth noting
that the structural model of EcoDnaB6-DnaC6 hypothesised by Arias-Palomo et al. has
smaller dimensions than were indicated by their SAXS measurements, again consistent
with an overestimated maximum dimension due to interparticle attraction or
polydispersity, which can be subtle and difficult to detect (Jacques and Trewhella,
2010).

3.7 GstDnaB6-BsuDnaI6
3.7.1

Background and aims

Before the same-species GstDnaB6-GstDnaI6 complex was first purified, several
experiments were conducted using the heterologous GstDnaB6-BsuDnaI6 complex, both
in this work and in the work of others (Soultanas, 2002, Ioannou et al., 2006). Although
this inter-species complex can be purified by gel filtration with an apparent 6:6
stoichiometry and has been observed to be functional in helicase loading (Dr Patrick
Schaeffer, Australian National University, unpublished), it remained possible that this
complex is dissimilar to the GstDnaB6-GstDnaI6 complex. It was important for the
validity of other structural and dynamics measurements that the mixed- and samespecies complexes could be structurally compared.

3.7.2

Methods

Initial measurements of GstDnaB-BsuDnaI, which had been prepared by anion
exchange chromatography, were conducted using the Bruker Nanostar benchtop SAXS
instrument at ANSTO, following the general procedure outlined in Section 3.2.1.
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Because preparative gel filtration of this complex resulted in two poorly resolved
elution peaks, static synchrotron SAXS measurements of fractions from each peak were
conducted in 2011. SEC-SAXS was measured for this complex in 2012, at camera
lengths of 1600 and 3300 mm in buffer ܣଵହ
ହΨ (50 mM Tris.HCl pH 7.6, 150 mM NaCl, 1
mM TCEP, 5% v/v glycerol). As noted in Section 2.6, there were occasional problems
in isolating GstDnaB-BsuDnaI as an equimolar complex, due to dissociation of BsuDnaI
during gel filtration. In the SEC-SAXS measurements reported here, the sample as
loaded appeared to have an excess of free GstDnaB, as judged by SDS-PAGE. Further
SEC-SAXS measurements of a new preparation of this complex were conducted in
2013.

3.7.3

Results

3.7.3.1 Static SAXS
The SAXS curves from the synchrotron static SAXS measurements of the first and
second elution peaks from gel filtration through a column of Sephacryl S400 were
practically identical, and also matched the benchtop SAXS curve of the complex
prepared by anion exchange. Analysis of these curves gave similar parameters, and
typical parameters from a selected curve (not shown) follow.
The Guinier method for radius of gyration estimation is typically only valid in
the range Q.Rg  ZLWKWKHOLPLWEHLQJVRPHZKDWKLJKHUGHSHQGLQJRQKRZJOREXODU
the particle is); however, due to the inadequate sample-to-detector length it could only
EHDSSOLHGLQWKHUDQJHQ.Rg JLYLQJDUDGLXVRIJ\UDWLRQRIc
for both static samples. The pair distance distribution indicated a maximum dimension
of 350 Å and radius of gyration of 102 ± 2 Å. Porod analysis indicated a particle volume
of 3360 nm3, which for a globular particle roughly corresponds to a molecular weight of
2 MDa, far greater than that of a GstDnaB6-BsuDnaI6 complex (520 kDa).
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3.7.3.2 SEC-SAXS

Figure 3.30: SEC-SAXS elution profile of GstDnaB-BsuDnaI. Scattering was averaged across the range
indicated by the vertical red bars.

The protein eluted in a single peak in SEC-SAXS with a broad range of stability in the
radius of gyration (Figure 3.30). The elution peak is centred at 8.19 mL, which
corresponds to an expected mass of 0.3(5) ± 0.2 MDa (Appendix B). Because this is an
extrapolation outside the range of the standard curve of elution volume vs. molecular
weight, this estimation cannot be considered to be accurate, and is not precise, as these
curves are sigmoidal rather than truly linear. Guinier analysis indicated a radius of
gyration of 52.8 ± 0.2 Å (Figure 3.32), while the pair distance distribution indicated a
radius of gyration of 51.7 ± 0.1 Å and a maximum dimension of 173 Å (Figure 3.33).
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Figure 3.31: SAXS curve of GstDnaB-BsuDnaI as measured by SEC-SAXS.

Figure 3.32: Guinier analysis of GstDnaB-Bsu'QD,LQWKHUDQJHQ.Rg 55, indicating a radius
of gyration of 52.8 ± 0.2 Å.
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Figure 3.33: Pair distance distribution of GstDnaB-BsuDnaI as measured by SEC-SAXS, indicating a
radius of gyration of 51.7 ± 0.1 Å and a maximum dimension of 173 Å.

3.7.4

Analysis

A comparison of the scattering curves of GstDnaB-BsuDnaI and GstDnaB-GstDnaI
(next section) indicates that while they superficially have similar shapes, there is a
discrepancy between them (Figure 3.34). The smaller radius of gyration and maximum
dimension of the heterologous complex are likely the result of an excess of
uncomplexed GstDnaB. Complexes with stoichiometries of GstDnaB6-BsuDnaI<6
should be negligible because association of BsuDnaI with GstDnaB has been shown to
be cooperative (Ioannou et al., 2006). The program OLIGOMER was used test whether
the observed scattering of GstDnaB-BsuDnaI could be described by a linear
combination of the scattering curves of GstDnaB6 and GstDnaB6-GstDnaI6. A 61%
GstDnaB6, 39% GstDnaB6-BsuDnaI6 combination gave a close fit to the experimental
scattering pattern (Figure 3.35).
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Figure 3.34: Comparison of the SAXS patterns of GstDnaB-BsuDnaI and GstDnaB6-GstDnaI6.

Figure 3.35: Linear combination of the experimental SAXS patterns of GstDnaB6 (without ATP) and
GstDnaB6-GstDnaI6 in the volume fractions 0.61 and 0.39, respectively, reproduces a close match to the
experimental scattering pattern of GstDnaB-BsuDnaI.

3.7.5

Discussion

In the above SEC-SAXS elution, the pre-purified complex eluted in a single peak in the
included volume, with a small peak at the void volume. The protein appears to be a
mixture of GstDnaB6-BsuDnaI6 and GstDnaB6. As reported in Section 2.6, Sephacryl
S400 gel filtration with a 3:1 excess of BsuDnaI mixed with GstDnaB gave two peaks in
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the included volume, each with the same 1:1 GstDnaB:BsuDnaI stoichiometry and with
elution volumes corresponding to GstDnaB6-BsuDnaI6 and (GstDnaB6-BsuDnaI6)N.
Based on the available evidence it is difficult to judge the cause and nature of these high
molecular weight GstDnaB-BsuDnaI species; however, one possibility is that the
GstDnaB6-BsuDnaI6 complex might dimerise via its helicase interface in a similar C6
conformation to that observed in the HpyDnaB helicase (Section 1.3.4). Another
possibility is that BsuDnaI might be forming extended helical filaments, each capable of
binding more than one helicase hexamer.

3.8 GstDnaB6-GstDnaI6 SEC-SAXS
3.8.1

Background and aims

After the development of a purification procedure, the GstDnaB6-GstDnaI6 complex
became available for SEC-SAXS measurement in June 2012. With atomic models of
GstDnaB and the domains of DnaI available, it was hoped that a high quality SAXS
measurement would provide enough structural information to either drive or validate
rigid body modelling of the GstDnaB6-GstDnaI6 complex.

3.8.2

Methods

SEC-SAXS was measured in 2012 at a camera length of 3349 mm, under the conditions
detailed in Section 3.2.4. A 100 μL sample was injected into the column and eluted at
0.5 mL.min–1 in buffer ܣଵହ
ହΨ , while SAXS was recorded in 2 s exposures. After having
measured SAXS of GstDnaB6, and with atomic structures for all components of this
complex available, it was intended that the experimental SAXS pattern could be used as
a target function for rigid body modelling by simulated annealing.
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3.8.3

Results

Figure 3.36: SEC-SAXS elution profile of GstDnaB-GstDnaI measured at a camera length of 3349 mm.
Scattering was averaged in the range 8.00–8.51 mL as indicated by the region bounded by red bars. This
elution was performed with a guard column attached, which increases the elution volume compared to
most of the other elutions presented in this work (Appendix B).

The GstDnaB-GstDnaI complex eluted in a single peak centred at 8.1 mL (Figure
3.36). The size estimate from this elution volume is 0.4 ± 0.2 MDa (Appendix B).
Scattering was averaged across the range of stable radius of gyration, 8.0–8.5 mL,
before buffer subtraction to give the scattering curve (Figure 3.37). Guinier analysis of
the I(Q) indicated a radius of gyration of 55.8 ± 0.4 Å, determined in the region 0.484 
Q.Rg  Figure 3.38). The pair distance distribution had a maximum dimension of
195.2 Å with a radius of gyration of 56.24 ± 0.08 Å, and a lengthy tail region above
~150 Å (Figure 3.39).
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Figure 3.37: SAXS pattern of GstDnaB-GstDnaI.

Figure 3.38: Guinier analysis of GstDnaB-GstDnaI SEC-SAXS, given by ݈݊  = )ܳ(ܫെ55.773ଶ ܳ ଶ Τ3 +
ln(0.0750664) in the region 0.271  Q.Rg 070 indicating a radius of gyration of 55.8 ± 0.4 Å.
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Figure 3.39: Pair distance distribution of GstDnaB-GstDnaI, indicating a maximum dimension of 195.2
Å and a radius of gyration of 56.24 ± 0.08 Å. Error bars are within the thickness of the curve.

3.8.4

Analysis and 3D modelling

GstDnaB-GstDnaI and EcoDnaB6-DnaC6 have similar SAXS patterns and pair distance
distributions (Figure 3.40). EcoDnaB6-DnaC6 was prepared and measured under
conditions in which it is known to be a 6:6 complex (Donate et al., 2000), and its
elution volume and measured dimensions are consistent with this. The similar SAXS
results of GstDnaB-GstDnaI are strong evidence that it too is a 6:6 complex. The only
difference in the SAXS curves is a greater intensity of GstDnaB6-GstDnaI6 scattering in
the local maximum region ~0.060.1 Å–1, corresponding to a pair distance region of
~100cFHQWUHGDWac ʌQ). In the pair distance distribution, this is reflected as
a small shift to greater density in the corresponding region of the curve of GstDnaB6GstDnaI6. The difference between the two scattering curves in this region is similar to
the variation at the same part of the curve in the various GstDnaB6 and EcoDnaB6
experimental and atomic model scattering curves.
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(A)

(B)

Figure 3.40: Comparison of the EcoDnaB6-DnaC6 (red) and GstDnaB6-GstDnaI6 (blue) SAXS (A) and
pair distance distributions (B).

Given the close match between the SAXS patterns of GstDnaB6-GstDnaI6 and
EcoDnaB6-DnaC6, a model of the G. stearothermophilus complex was built into the
published EM electron density map of the E. coli complex (EMDB accession number
2321; Arias-Palomo et al., 2013) (Figure 3.41). The model was built using a similar
strategy to that used by Arias-Palomo et al. in fitting their model of the EcoDnaB-DnaC
complex to this map. The GstDnaB NTD dimer was taken from the non-planar crystal
structure (PDB: 4ESV; Itsathitphaisarn et al., 2012), and three of these were replicated
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to fit the top of the density map, in the same way as in the reported EcoDnaB6-DnaC6
model. The GstDnaB-CTD6 hexameric ring was also taken from the non-planar
structure, and fit within the centre tier of the EM map, as shown in Figure 3.41.
GstDnaI-CTD was homology modelled by Swiss-Model (Arnold et al., 2006) against
the published crystal structure of the closely related GkaDnaI-CTD (PDB 2W58; Tsai et
al., 2009). A hexamer of GstDnaI-CTD was then produced by alignment against the
helical filament of AaeDnaC-CTD6 (PDB 3ECC; Mott et al., 2008). This helical
hexamer was then docked into the lower tier of the EM density map. GstDnaI-NTD was
homology modelled against the solution NMR structure of BsuDnaI-NTD (PDB 2K7R;
Loscha et al., 2009). Six of these were then positioned in part of the remaining density,
which took the form of six struts between the GstDnaB-CTD and GstDnaI-CTD tiers.

Figure 3.41: Open helical model of GstDnaB6-GstDnaI6, created by positioning G. stearothermophilus
DnaB and DnaI domain structures into the EM electron density map of EcoDnaB6-DnaC6, following a
similar strategy used by Arias-Palomo et al. (2013) to model EcoDnaB6-DnaC6 using this same EM map.
The figure on the right is rotated by –90° on the Y-axis with respect to the figure on the left.

As an alternative to the open helical model of GstDnaB6-GstDnaI6, a closed,
planar model of this complex was created (Figure 3.42). A planar crystal structure
(PDB 2R6E; Bailey et al., 2007) of GstDnaB6 was used, and a planar ring hexamer of
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GstDnaI-CTD was created by aligning each subunit to the RecA domains of the planar
GstDnaB6. This planar GstDnaI-CTD6 was then positioned beneath the GstDnaB-CTD6
ring, and six GstDnaI-NTD subunits were positioned around the outside of the ring in
the intersubunit ridges.

Figure 3.42: Closed planar model of GstDnaB6-GstDnaI6, created using a planar GstDnaB structure
(PDB: 2R6E), a planar ring of GstDnaI-CTD (cyan; aligned to GstDnaB-CTD to make it planar, then
positioned beneath the helicase ring), and with GstDnaI-NTD (magenta) positioned around the GstDnaBCTD ring in the intersubunit ridges.

The calculated scattering curves of the helical and planar models were then
compared with the GstDnaB6-GstDnaI6 experimental SAXS, with the option to subtract
a constant from the experimental data (a fudging strategy in CRYSOL) disabled. The
helical model gives a reasonably close fit to the experimental SAXS curve, with the
difference resembling the difference between the EcoDnaB6-DnaC6 SAXS and the
experimental GstDnaB6-GstDnaI6 SAXS. Compared to the experimentally determined
radius of gyration of 56.2 Å, the calculated radius of gyration for this model is similar,
55.9 Å. The ඥ߯ ଶ goodness-of-fit statistic reported by CRYSOL was 2.2. The planar
ring model has a visibly worse fit to the experimental scattering with a ඥ߯ ଶ fit statistic
8.5, and has a radius of gyration of 57.5 Å.
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Figure 3.43: Comparison of the experimental SAXS with the calculated scattering patterns for the models
of GstDnaB6-GstDnaI6 created by positioning the domain structures into the EM electron density map of
EcoDnaB6-DnaC6 (Figure 3.41), and the planar model of Figure 3.42.

3.9 Discussion
The discussion in this section relates to the structures of the helicase, its loading partner
and their complex. The SAXS techniques used in this work are discussed in Section 5.3.
The results presented here show that the helicase loader BsuDnaI exists in
solution as an elongated monomer, with each of the two constituent domains having the
same structures as their individually determined atomic models. Upon binding of DnaB6
helicase, it appears that the CTDs of DnaI form a hexameric helical ring at the face of
the DnaB6-CTDs, while the DnaI-NTDs bind to the sides of the helicase, perhaps at the
intersubunit ridges. The flexible intersubunit linker region of DnaI is important in
accommodating this transition. Another change that may occur on helicase binding, but
which cannot be probed by SAXS, is a gain-of-structure at the N-terminal 15 residues of
DnaI, the sequence of which is expected to predispose this region to forming an
amphipathic helix (see Section 1.4.3.1). With this long terminal region, DnaI-NTD
should be capable of binding a large surface area of the side of the helicase. Grasping
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the helicase around the ring in this way must be necessary for DnaI to control the
conformation of the helicase.
The SAXS results presented here demonstrate close structural similarity between
EcoDnaB6 and GstDnaB6. These both gave scattering patterns that are more similar to
the published non-planar GstDnaB6 crystal structure than its planar structure; however,
there are small but significant differences between the experimental scattering patterns
and the calculated pattern of the non-planar structure. These differences are within the
same Q-range and are of a similar scale to the variation in the scattering pattern of
GstDnaB6 in the presence and absence of different nucleotides. Because the binding,
hydrolysis and release of nucleotides drives the conformational cycle of DnaB6 during
translocation on DNA, it is possible that the variation in the SAXS patterns observed in
this Q-range reflects a shift in the distribution of conformations in solution, and that
these conformations are part of the nucleotide hydrolysis powered translocational cycle.
Further, the similarity of GstDnaB6 in solution to the non-planar, DNA-bound crystal
structure of GstDnaB6 suggests that the protein takes up conformations that are part of
its translocational cycle even while it is not DNA-bound. Within the GstDnaB6GstDnaI6 complex, it might be expected that movement of the helicase is constrained
compared to the free helicase hexamer. Arias-Palomo et al. (2013) propose that in the
EcoDnaB6-DnaC6 complex, the role of the helicase loader is not to induce a transition of
the helicase to an open helical structure, but rather to lock the helicase in this state. The
similarity of the solution structures of both the Eco and Gst DnaB6 helicases to the nonplanar GstDnaB6 structure is further evidence in favour of this scenario, in which the
helicase loader (DnaC or DnaI) binds to the open helical conformation of DnaB6, and
stabilises it in this conformation by binding a large surface area of the DnaB6-CTD ring.
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A previous study indicated the helicase in B. subtilis is loaded onto DNA via a
ring-making mechanism, suggesting that a pre-formed helicase:loader complex is
inactive for helicase loading (Velten et al., 2003). Despite this, the SAXS results
presented here indicate the shape and dimensions of the GstDnaB6-GstDnaI6 complex
are similar to the EcoDnaB6-DnaC6 complex, which is known to be active in helicase
loading. Further, when the domains of GstDnaB6-GstDnaI6 are fit within the EM
electron density map of EcoDnaB6-DnaC6, the calculated scattering from the model
gives a reasonably close fit to the experimental SAXS. This is good starting evidence
that the two complexes have similar open helical structures; however, more work is
needed if this is to be proven. Currently, negative stain electron microscopy to
determine a 3D envelope of GstDnaB6-GstDnaI6 is being conducted by collaborators,
and initial reconstructions (not shown) suggest a shape with similar dimensions to the
model presented here (Dr Mazdak Radjainia and Prof. Alok Mitra, University of
Auckland). If G. stearothermophilus is proven to have a similar helicase-loader
complex structure to E. coli, this will be compelling evidence that these species load
their helicases by a similar ring breaking mechanism. Alternatively, if it shown that e.g.,
GstDnaB6-GstDnaI6 is a closed ring, then this would indicate a ring-making mechanism
is more likely for G. stearothermophilus. More work is needed in this area to
conclusively determine the mechanism of helicase loading. It would be of particular
interest to trap and structurally characterise the ternary helicase-loader-DNA complex.
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Chapter 4 NEUTRON SPECTROSCOPY OF HELICASE
AND HELICASE LOADER
4.1 Background
4.1.1

Spectroscopy for protein and water dynamics

The replisome, as a molecular machine, is an interacting network of moving parts (Patel
et al., 2011). Each part achieves function through the interplay of structure, dynamics
and chemistry. Those parts of the machinery with multiple roles or abilities are
particularly interesting from a dynamics perspective, and an example among these is the
DnaB helicase. First, the helicase hexamer must pass through major conformational
rearrangements during loading onto DNA, before entering a new regime once it starts its
rapid translocation and strand separation on DNA (see Section 1.2.2). X-ray
crystallography and electron microscopy provide snapshots of the various
conformations of the helicase and its complex with the loader protein, but a more
thorough characterisation of the dynamics of these proteins requires either spectroscopic
measurement or molecular dynamics simulation.
Dynamics comprise the correlations between the positions through time of all
the atoms in a system, across timescales ranging from femtoseconds (e.g. methyl
rotations) up to milliseconds or seconds (protein folding). Molecular dynamics (MD)
simulations can provide a full theoretical characterisation of the trajectories and
associated velocities of the internal motions for each atom within a protein, allowing
protein dynamics to be viewed as if caught on camera (Karplus and McCammon, 2002).
These simulations require an atomic structure of the system under study. The
computation time for a simulation can be long, depending on the time-scale being
simulated, the size of the system, and the level of theory incorporated in the physics of
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the simulation. Without access to major supercomputing facilities, the computation time
required to accurately simulate large multi-protein systems can be prohibitive.
Certain spectroscopic techniques have the advantage of being able to measure
very large macromolecular systems; and unlike MD, spectroscopy does not require a
full structural characterisation to precede measurement (Serdyuk et al., 2007). Most
types of spectroscopy use electromagnetic radiation as a probe. An example of this is
Raman scattering spectroscopy, in which laser radiation in the visible–infrared range is
used to probe the vibrational and rotational modes of a sample. Photons are scattered
from the electron clouds of vibrating and rotating atoms. The energy change upon
scattering is analysed and recorded as the difference between the scattered energy and
the incident energy. The measured energy shifts (Stokes lines) each correspond to
vibrational/rotational modes in the sample. One disadvantage of Raman spectroscopy is
that only vibrational modes associated with the polarisability of the molecule can be
observed, and other modes are invisible.
Neutrons are used for spectroscopy as an alternative to electromagnetic
radiation. Cold–thermal and hot neutrons have energies in the range 0.1–500 meV
corresponding to a wavelength range of ~30–0.4 Å, which is similar to the magnitude of
atomic motions, allowing both energy and distance information to be probed
simultaneously. Neutron scattering spectroscopy is analogous to Raman scattering, but
results from the interaction of the neutron probe with atomic nuclei, and does not have
the selection rules of Raman scattering. Like Raman scattering, the energy gained or
lost by neutrons upon scattering from a sample is measured as a probe of the energy
spectrum of vibrational, rotational and other modes. Whereas electromagnetic radiation
scatters from different elements in proportion to the atomic number, the neutron
scattering length of a nuclide depends on the spin-spin interaction between the neutron
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and nucleus, and does not have any particular pattern across the periodic table. The
isotope dependence means that isotope labelling can be used to selectively increase or
decrease the signal from components of a sample. Neutron spectroscopy techniques are
most commonly used in physics, chemistry and materials research but they also have
applications in biology.
The ability to make parts of a biological sample near-invisible to the
spectrometer by selective deuteration is very useful in biological measurements, where
hydrogen is abundant in all parts of the sample. One of the most successful applications
of selective deuteration in biology has been in the study of the dynamics of protein
surface water, and how this relates to the dynamics of the protein (Randall et al., 1978,
Middendorf, 1996). It is known that the hydration layer plasticises the dynamics of the
protein and without it enzymes do not function; however the exact nature of the
dynamical relationship between protein and surface water remains the subject of
research and debate. In this work, the dynamics of the surface water on BsuDnaI were
measured independently of the dynamics of the protein by a unique combination of
measuring deuterated protein in both D2O and H2O, and non-labelled protein in D2O. It
will be discussed how these measurements provide an improvement over existing
techniques.
Another application of selective deuteration in biology is to isolate the dynamics
of components of a complex. This approach has been used, for example, to measure the
dynamics of non-labelled protein within a deuterated lipid bilayer. Selective deuteration
is routinely applied to proteins within protein-protein complexes for the contrast effect
in small angle neutron scattering (SANS); however there are no published instances of
this particular use of selective deuteration being applied in energy-resolved neutron
scattering. In this work, BsuDnaI was deuterated and complexed with non-labelled
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GstDnaB so that the dynamics of free and complexed GstDnaB could be measured and
compared.

4.2 Incoherent neutron spectroscopy
4.2.1

Background

In incoherent neutron spectroscopy (INS), a beam of neutrons from a reactor or
spallation source is equilibrated to hot/thermal/cold temperature and is monochromated
before passing through the sample (Middendorf, 1984, Smith, 1991, Gabel et al., 2002,
Lechner and Longeville, 2006, Serdyuk et al., 2007, Mezei, 2011). The neutron
temperature determines the neutron energy (E), frequency (ߥ = ߱/2ߨ), velocity ()ݒ,
wavelength (Ȝ) and wavevector (݇ = 2ߨ/ߣ); these are related using the de Broglie
equation, (ߣ = ݄/݉)ݒ:
ଶ ݇ ଶ
݄ଶ
1
=
 = ܧ߱ = ݉  ݒଶ =
2݉ 2݉ ߣଶ
2

4.1

where  is the reduced Planck constant ( = ݄/2ߨ). The neutron temperature is
moderated before wavelength selection so that these properties are of a similar scale to
those of the motions of interest within the sample. While most of the neutron beam
passes through the sample, some neutrons are scattered by nuclei within it, and a
fraction are absorbed, depending on sample composition and thickness. The change in
neutron energy upon scattering is given by the difference between the scattered ܧଵ and
incident ܧ neutron energies:
߱ = ܧଵ െ ܧ

4.2

The change in neutron momentum, represented by the momentum transfer or scattering
vector Q is defined, as in small angle scattering (Section 3.1.1), as the difference
between the scattered and incident wavevectors:
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The measured change in energy ߱ reports on the energy associated with atomic
vibrational, rotational and other modes, while the measured momentum transfer Q
reports on the distances associated with these modes. For non-elastic scattering, Q is
both angle and energy dependent, with greater energy transfers resolved at higher Q.
In a sample with no long-range crystallographic or other ordering, most
scattering is incoherent rather than coherent. Rather than correlations between nuclei,
incoherent scattering reports on the correlations through time and space of individual
nuclei. With measurements conducted over a range of sample temperatures, the raw
scattering data take the form of scattering intensity as a function of the energy change,
the momentum change, and typically also the temperature of the system, I(Ȧ,Q,T).
Hydrogen–1 has a large incoherent neutron scattering length, and dominates the
incoherent scattering signal from biological samples, whereas deuterium has a very low
incoherent scattering length. The differential coherent and incoherent scattering lengths
of deuterium and hydrogen allow measurements of components within complexes by
selective deuterium labelling.

4.2.2

Coherent and incoherent neutron scattering

The nuclide dependence of neutron scattering length, and the difference between
coherent and incoherent neutron scattering require a quantum mechanical explanation
(Harroun et al., 2006, Serdyuk et al., 2007, Willis and Carlile, 2009). Each nucleus has
a zero or non-zero nuclear spin, I, determined by its neutron and proton composition.
The neutron itself has a spin of ½, and its collision with a nucleus of spin I can result in
either of two possible neutron-nucleus systems of spin I ± ½, with scattering lengths ܾ ା
and ܾ ି associated with 2(I + 1) and 2(I) spin states respectively, giving a total number
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of states 2(2I + 1). When the incident neutron beam is unpolarised, as in the SANS
experiments described here, each spin state has equal probability. The proportion w of
ܾ ା -associated states among a population of neutron-nucleus scattering events is
therefore
ݓା =

 ܫ+ 1
2 ܫ+ 1

4.4

= ି ݓ

ܫ
2 ܫ+ 1

4.5

while for ܾ ି it is

The square of the thermally averaged scattering length  ۄܾۃof a nuclide is given by
ۄܾۃଶ = [ ݓା ܾ ା + ] ି ܾ ି ݓଶ

4.6

while the average of the squared scattering lengths is
 ܾۃଶ  ݓ = ۄା (ܾ ା )ଶ + ) ି ܾ( ି ݓଶ

4.7

The total scattering cross section, ߪ௦ = 4ߨ ܾۃଶ ۄ, is the number of neutrons scattered per
second normalised to the incident flux, and represents the effective scattering area
presented by the nuclide. This is the sum of a coherent component and an incoherent
component:
ߪ௦ = ߪ + ߪ

4.8

Where the coherent component is given by
ߪ = 4ߨۄܾۃଶ

4.9

and the incoherent component is
ߪ = 4ߨ( ܾۃଶ  ۄെ ۄܾۃଶ )

4.10

All nuclides have a coherent scattering length, which is their average scattering length,
while those with nonzero spin also have an incoherent scattering length, the standard
deviation from the average.
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Coherent neutron scattering, analogous to the coherent X-ray scattering of
SAXS and MX, results from spatially correlated pairs of identical isotopes where
scattered waves are in phase and spin-coherent, i.e. after scattering from pairs of ܾ ା or
ܾ ି neutron-nucleus states. This is the signal of interest in small angle neutron scattering
(SANS) and neutron crystallography. Incoherent scattering of neutrons does not have a
strict analogue in photon scattering (although Compton scattering is similar) and arises
from spin and isotope incoherence, effectively reporting on ensemble averages of the
individual nuclei rather than correlations between these, as scattering from atom-atom
correlations

is

cancelled-out

in

the

incoherent

component.

Energy-resolved

measurement of incoherent neutron scattering gives a measure of ensemble averaged,
scattering length-weighted dynamics of the nuclei in a sample.

4.2.3

Scattering cross-sections and deuterium labelling

Hydrogen and deuterium are the most important nuclides in biological small angle
neutron scattering (SANS) and incoherent neutron scattering (INS). This is due to the
dominating abundance of hydrogen in water and organic material, and its large
incoherent scattering cross-section, along with the ability to use specific labelling to
replace hydrogen with deuterium, which has a small incoherent cross section. Hydrogen
has a spin of ½ and the ܾ ା and ܾ ି scattering lengths of hydrogen are of similar
magnitude but opposite sign. From Eqns. 4.6–4.10, it works out that the incoherent
scattering cross-section of hydrogen is very large, eclipsing those of the other organic
elements and 40 times greater than that of deuterium (Table 4.1). This means that for a
sample comprising equimolar deuterium and hydrogen, 97.5% of the incoherent signal
comes from the hydrogen component (ignoring the contributions of other nuclides), and
depending on the energy resolution of the measurement the deuterated component can
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be almost invisible. Deuterated parts can include labelled proteins or other biomolecules
such as lipid membranes, and a D2O solvent.

Table 4.1: Thermal neutron scattering lengths and cross sections of biologically-relevant nuclides. There
is only a small energy dependence in the scattering lengths of the nuclides listed here; however these
values do differ slightly for cold neutrons. Values taken from the Neutron Data Booklet, Institut LaueLangevin (Dianoux and Lander, 2003).
Nuclide (% natural
Nuclear spin,
Coherent
Incoherent
Absorption
abundance)
I
cross-section,
cross-section,
cross-section,
ıc (barns)
ıi (barns)
ıa (barns)
Hydrogen (1H; 99.99%)

1/2

1.76

80.27

0.33

Deuterium (2H; 0.02%)

1

5.59

2.05

0.00

Nitrogen (14N; 99.6%)

1

11.03

0.50

1.91

Sulfur†

-

1.02

0.01

0.53

1/2

3.31

0.01

0.17

Carbon (12C; 98.9%)

0

5.55

0

0.00

Oxygen (16O; 99.75%)

0

4.23

0

0.00

Phosphorus (31P; 100%)


†

1 barn = 10–28 m2.
Averaged over the natural abundances of all isotopes.

4.2.4

The measured scattering function

For each measured scattering event, the spectrometer records the energy exchanged with
the sample in addition to the scattering angle, which is converted to the momentum
change Q (Middendorf, 1984, Smith, 1991, Gabel et al., 2002, Bée, 2003, Lechner and
Longeville, 2006, Serdyuk et al., 2007). Thus, the scattered intensity is measured as a
function of momentum and energy transfer. In the energy dimension, the scattering
function, ܵ (ܳ, ߱), is made up three regions: elastic, quasielastic and inelastic
scattering (Figure 4.1).
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Figure 4.1: Schematic depiction of an energy-resolved incoherent neutron scattering spectrum, with the
peak centred at ߱ = 0 separated into the elastic peak and a single Lorentzian for the quasielastic
scattering; the sum of these is observed in a raw spectrum. The full-width at half-maximum (FWHM) of
the elastic peak defines the energy resolution ο(߱୫୧୬ ), the minimum energy transfer that can be
resolved. In reality, the spectrum is not symmetrical about ߱ = 0, and there is a greater probability of
neutron energy loss during scattering events; however this is corrected during data reduction by the
detailed balance factor to emulate the behaviour of a classical system. The momentum transfer Q adds a
second dimension to the measured spectrum, not shown here.

Elastic scattering is centred at zero energy transfer, and has a full-width at halfmaximum (FWHM) of ο(߱୫୧୬ ), which is defined as the instrumental energy
resolution. The elastic scattering arises from the motions of atoms resolved in the long
time limit, during which bound atoms fully explore their boundary volume. The Qdependence of the elastic scattering reports on the structural details of these boundary
volumes. Quasielastic scattering arises from diffusive and damped vibrational motions
and takes the form of near-zero energy transfers, causing a broadening of the elastic
peak. It can be decomposed into a set of Lorentzian functions, each corresponding to a
different type of motion. Inelastic scattering consists of satellite peaks which are not
centred at zero energy transfer; these relate to vibrational modes. Inelastic scattering
was not analysed in this work and will not be discussed here.
The scattering function ܵ(ۿ, ߱), also called the dynamical structure factor, is
related to the measured scattering by:
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݀ଶ ߪ
݇ଵ
= ܰ ܾۃଶ ۿ(ܵۄ, ߱)
݀ߗ݀߱ ݇
where

ௗమఙ
ௗఆௗఠ

4.11

is the double differential cross-section; this is the measured scattering,

which is equal to the number of neutrons scattered per unit time in solid angle dȍ with
associated energy change dȦ, normalised to the incident flux (Van Hove, 1954). The
ratio of the wavenumbers is ݇ଵ Τ݇ , and this allows for the difference in the rates of
neutrons leaving and entering the sample. For each atom type in the sample, there is an
atom count, ܰ, and an associated scattering length, ܾ, made up of incoherent and
coherent parts as described previously. The dynamical structure factor fully describes
the structure and dynamics of the system in reciprocal space and energy; however the
complete ܵ(ۿ, ߱) is not experimentally accessible. In the general case, the dynamical
structure factor takes a contribution from both coherent and incoherent scattering:
ܵ(ۿ, ߱) = ܵ (ۿ, ߱) + ܵ (ܳ, ߱)

4.12

Non-crystalline samples, such as the hydrated protein paste measured in this
work have only a small coherent component to their scattering unless contaminated by
salt or ice crystals. With the exception of the small angle region and the quasi-Bragg
peak caused by D2O at 1.4 Å–1, the coherent signal should be angle-independent.
Without long-range ordering, only ܵ (ܳ, ߱) is accessed, with the scattering vector
reduced to its modulus. This reports the dynamics of individual nuclei, averaged as an
ensemble.
The energy transferred to or from neutrons reports on the time-scales of motion
of the scattering nuclei. Faster motions are associated with greater energy transfers.
Atomic dynamics are essentially the correlations between atom positions in space and
time, and the atomic correlation function ܚ(ܩ,  )ݐdescribes just this, providing a more
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intuitive description of the information content of the dynamic structure factor. It can be
obtained from the dynamical structure factor by its space-time Fourier transform:
ାஶ

1
ඵ ܵ(ۿ, ߱)݁ ି(ିܚۿఠ௧) ݀߱݀ۿ
ܚ(ܩ, = )ݐ
(2ߨ)ଷ

4.13

ିஶ

Being the real space/time equivalent of the dynamical structure factor, the correlation
function is also made up of a coherent and an incoherent part. The coherent part
describes the correlations through time and space of separate nuclei, while the
incoherent part reports on the self-correlations through time and space of individual
nuclei (Van Hove, 1954):
ே

1
ܚ(ܩ,  = )ݐߜۃ൫ ܚ+ ܚ (0) െ ܚ ()ݐ൯ۄ
ܰ


4.14

This is the self-correlation (distribution) function; it gives the probability per unit
volume of finding an atom j at  )ݐ(ܚat time ݐ, when the same atom was at position  = ܚ0
at  = ݐ0. It is summed over all N atoms in the sample and then divided by this number.
The energy resolution and range define a Fourier window in which atomic selfcorrelations can be observed, with the resolution setting an upper limit, and the range
setting the lower smallest observable correlation time. Every INS measurement has an
associated energy resolution function ܴ(߱) which describes the shape and width of the
elastic peak and is determined by the instrument configuration. This is convoluted with
the incoherent scattering function ܵ (ܳ, ߱) to give the measured scattering.
[ܵ (ܳ, ߱)]୭ୠୱୣ୰୴ୣୢ = ݁ ିன/ଶಳ் [ܵ (ܳ, ߱)] ٔ ܴ(߱)
Here, exp(െ

ன
ଶಳ ்

4.15

) is the detailed balance factor, which accounts for the asymmetric

distribution of scattering about߱ = 0 which arises from the Boltzmann distribution of
energy level occupation. By factoring in this distribution, the scattering can be made
symmetric and the system approximated as classical.
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The energy resolution, which is the minimum resolvable energy exchange, is
given by the FWHM of the elastic peak (Figure 4.1), ο(ɘ ). It is related to the time
decay constant (ο)ݐு of the observation function (Eqn. 4.17, below) by a form of the
uncertainty principle (Lechner, 2001):
ο(ɘ ) ή (ο)ݐு  ݓ

4.16

where  is the reduced Planck constant ݄/2ߨ. The constant w depends on the energy
resolution function; for a Lorentzian ܴ(߱) it is 0.5, whereas for a Gaussian distribution
it is ξ݈݊2. Finer energy resolutions are associated with longer observation times. The
Fourier transform of a Lorentzian resolution function ܴ(߱) yields an exponential decay
for the observation function ܴ)ݐ( כ, in which  ݐis the atomic correlation time (Lechner,
2001):
ܴି ݁ = )ݐ( כ௧/(ο௧)ಹ

4.17

In the case of a Gaussian resolution function, the observation function is described by a
Gaussian decay. Just as the resolution function is convoluted with the scattering
function in the frequency domain, the observation function is convoluted with the
atomic correlation function (Eqn. 4.14) in the time domain.
ݎ(ܩ, )ݐ୭ୠୱୣ୰୴ୣୢ = ݎ(ܩ, )ݐ( כܴ ٔ )ݐ

4.18

As  ݐ՜ (ο)ݐு , the observation function decays, attenuating the correlation function.
Although ܴ )ݐ( כhas not decayed to zero at ( = ݐο)ݐு , in practice the decay constant
(ο)ݐு should be an order of magnitude greater than the atomic motion time-scale  ݐof
interest for the scattering signal to be sufficient (Lechner, 2001). The energy resolution
ο(ɘ୫୧୬ ) of the instrument must therefore be small enough to satisfy this condition.
For a freely diffusing atom, e.g. a bulk water hydrogen, the distribution function
 = ܚ(ܩλ,  = ݐλ) is spread out over a large volume, and goes to zero as time goes to
infinity. For a bound atom, e.g. a peptide backbone hydrogen, motion is limited in space
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and as time goes to infinity the atom completely explores the interior of its boundary
volume (Figure 4.2). The distribution function for the atom ܚ(ܩ,  = ݐλ) then
approaches an asymptotic value distributed throughout this boundary volume (Kurt,
1968). This condition can be met when the time required to approximate a full
exploration of the boundary volume is within the observation time-scale. The atom is
then effectively seen by the neutron probe as a static thermal cloud. Static scattering
centres contribute to the elastic peak, and as described below in Section 4.2.5, the Qdependence of the elastic intensity informs on the geometry of motion by providing
information about the size and shape of the thermal cloud.

Figure 4.2: Diffusion of an atom within its boundary volume. As  ݐ՜ λ, the atom explores the full
interior of this volume, and provided a long enough instrumental observation time, (ο)ݐு (or small
HQRXJKHQHUJ\UHVROXWLRQ LWZLOODSSHDUWREHDVWDWLFVFDWWHULQJFHQWUHZKHUHWKHDWRP¶VVFDWWHULQJOHQJWK
density has been averaged over the entire thermal cloud. Because it appears to be static within the
instrumental resolution, the scattering from this atom contributes to the elastic peak. The Q-dependence
of the elastic scattering informs on the geometry of the bound volume in close analogy to how the Qdependence of the I(Q) informs on the geometry of the scattering particle in small angle scattering.

The Q-range and correlation distances r have the same inverse Fourier
relationship as in small-angle scattering (Section 3.1.4); however the angles measured
are far greater, so that small distances on the scale of atomic motions can be probed. To
recapitulate from Chapter 3: the measured scattering vector range Qmin–Qmax sets a
Fourier window in which correlation distances are resolved. The highest momentum
transfer measured, Qmax, gives the minimum resolvable correlation distance at rmin =
ʌQmax while the smallest momentum transfer measured, Qmin, gives the maximum
resolvable correlation distance at rmax ʌQmin. At the Qmin there is a contribution from
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distance correlations of length up to and including rmax, and the contribution from longer
distance correlations drops off with increasing Q. For elastic scattering, Q depends only
on the scattering angle; however when there is energy transferred the momentum
transfer is both energy and angle-dependent.

4.2.5

Interpretation

The elastic and quasielastic scattering can be interpreted using various types and levels
of theory depending on the measurements recorded and their purpose. The following
two subsections describe only the theory and phenomenological interpretations used in
this work.

4.2.5.1 Elastic scattering: MSD and force constant analysis
The Q-dependence of the elastic scattering signal describes the geometry of the
averaged thermal cloud, within the space-time observation window. To interpret the
elastic scattering at low-Q, the equivalent of Guinier analysis can be applied and the
mean squared displacement for the ensemble of individual atomic displacements within
the observation time-scale for bound atoms (ݎ < ݎ୫ୟ୶ ) can be determined by the
following (cf. Eqn. 3.17 on Page 85, where ݑۃଶ  = ۄ2ܴଶ ; Gabel, 2005).
1
ܵ൫ܳ, 0 ± ο(ɘ୫୧୬ )൯ ؆ ܵ(Q = 0) exp ൬െ ݑۃଶ ܳۄଶ ൰
6

4.19

By measuring elastic scattering over a range of temperatures, typically ~20–300
K for a biological sample, it is possible to extract an effective force constant ݇ۃԢ ۄfrom
the inverse of the slope of MSD versus temperature (Zaccai, 2000; see e.g. Figure 4.6,
Page 162):
݀ݑۃଶ ۄ
݇ۃԢ =  ۄ2݇ ቆ
ቇ
݀ܶ

ିଵ

4.20
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This effective force constant is equivaleQWWRWKDWGHVFULEHGE\+RRNH¶VODZ()ݔ݇ = ܨ,
and approximates the system as a harmonic oscillator. Just as the force constant of a
spring quantifies its stiffness, the effective force constant of a protein gives a measure of
its overall rigidity. A dynamical transition at ~180 K, called the glass transition (Doster,
1986, Doster et al., 1986, 1989, Angell, 1995), means that two force constants are
extracted: a greater (more rigid) force constant below the glass transition, and a smaller
force constant at temperatures above this transition, where the protein has softened
(Bicout and Zaccai, 2001). It is important to measure down to very low temperatures so
that the transition temperature range can be accurately identified and the region within
which to determine the softened force constant can therefore be more accurately
defined. The glass transition is only observed in proteins that have a sufficient layer of
hydration. Above the glass transition, biological function including catalytic activity is
enabled, while it is absent when there is insufficient hydration water for the transition to
occur. It has been suggested that dynamical transitions in the surface water drive both
the surface and internal dynamics of proteins (Beece et al., 1980, Fenimore et al., 2004)
and this idea will be investigated further in this work.

4.2.5.2 Quasielastic scattering: diffusive motion
Softening of the protein above the glass transition corresponds to the onset of
anharmonic motions, which are essential to protein function and give rise to an increase
in the quasielastic scattering. Atomic self-diffusion, i.e. stochastic motion where the
centre of the correlation function evolves with time, gives rise to quasielastic scattering,
the intermediate scattering function of which takes the form of an exponential decay:
ܫௌ (ۿ, ି( ݁ = )ݐ௰௧)

4.21
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where the correlation time  ݐassociated with this diffusion is 1/߁. Transformed into the
energy domain, the scattering is described by a Lorentzian distribution centred at
߱ = 0:
ܵ(, ߱) =

߁()/ߨ
߱ ଶ + ߁()ଶ

4.22

Where ī is the same as in Eqn. 4.21 and is the half-width at half-maximum (HWHM)
of the Lorentzian distribution. After the elastic peak has been defined within the
measured ܵ(ۿ, ߱) (by comparison with the vanadium elastic scattering standard), the
quasielastic broadening about this peak can be fit by the sum of one or more Lorentzian
distributions. The HWHM of these distributions can then be determined to extract the
correlation time/diffusion coefficient associated with each. An underlying assumption
here is dynamical independence between different types of motion (e.g. vibrational,
rotational, translational) – even within the same atom.
The Q-dependence of the quasielastic Lorentizan linewidth can be analysed to
characterise the diffusive motion it represents. Where diffusion is unbounded, it can be
GHVFULEHG DV FRQWLQXRXV E\ )LFN¶V ODZV RI diffusion (1855). In this case, there is a
simple relationship between the HWHM and the self-diffusion constant ܦୱ :
߁ = ܦୱ ܳଶ

4.23

The Q-dependence of the quasielastic scattering can be analysed by plotting ߁ vs. Q2 to
identify length scales in reciprocal space where the ߁ = ܦୱ ܳଶ rule of free diffusion
holds, and where other laws pertain. Fickian self-diffusion reaches a theoretical limit as
length and thus time scales get smaller and the root mean squared velocity of the atom
DV JLYHQ E\ )LFN¶V ODZV DSSURDFKHV WKH PD[LPXP YHORFLW\ RI D PROHFXOH IUHHO\
diffusing in a perfect gas (Hall and Ross, 1981). The ߁ = ܦୱ ܳଶ rule can therefore only
possibly apply to long distance scales, i.e. small Q. There are a number of
phenomenological models to describe the quasielastic scattering from different types of
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non-Fickian diffusion of confined atoms. These include models of rotational diffusion,
reorientational diffusion, diffusion within a sphere, and random jump diffusion (Singwi
and Sjölander, 1960, Sears, 1966, Volino and Dianoux, 1980, Hall and Ross, 1981).
A flat ߁ vs Q2 across the Q-range is characteristic of rotational or reorientational
diffusion, which can be observed independent of translational motion where there is
either no translational motion present, or the energy scale of the translational motion is
outside the range of the spectrometer, or where the Lorentzians of the translational and
rotational motion have been deconvoluted (Sears, 1966). In this work, the motion of
protons in protein surface water was modelled as rotation on the surface of a sphere, and
the quasielastic scattering was fit by a single Lorentzian, using an approximation of the
Sears model described by Tehei et al. (2007), where the linewidth is related to the
rotational diffusion constant by the following.
߁ோ = 2ୖܦ

4.24

This model for rotational diffusion was applied to water. For protein samples where the
dependence of ߁ on Q was flat, this was interpreted as reorientational motions (jump
diffusion between discrete sites) of –CH3 and/or –CH2– protons, as these groups are
dominant in proteins, and are therefore more applicable than the rotation at the surface
of a sphere interpretation. Here, there are characteristic correlation times ɒcorrelation for
reorientations between two equidistant sites (–CH2–) and reorientations between three
equidistant sites (–CH3) caused by rotation on a circle (Hervet et al., 1976). ɒcorrelation is
extracted by the following relation.
߬ୡ୭୰୰ୣ୪ୟ୲୧୭୬ =

1
߁ஶ

4.25

The measured value of ɒcorrelation can then be compared with published values derived
from NMR and neutron scattering experiments (Tehei et al., 2007).
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In this work, the Volino and Dianoux (1980) model for diffusion within a sphere
was applied to interpret the observed quasielastic scattering of BsuDnaI. Here, there is
diffusive motion confined within a spherical boundary volume. The ī vs Q2 displays a
plateau at low-Q and a linear increase after this. The Q-value which marks the
beginning of this increase is denoted Q0, and this is a reciprocal space measure of the
radius a of the sphere of confinement.
ܳ = ߨ/ܽ

4.26

After determining the radius of the sphere, the diffusion coefficient for diffusion within
the confinement sphere can be determined by inserting it in the following.
ߨ
4.33ܦ୪୭ୡୟ୪
߁ ቀ0 < ܳ < ቁ =
ܽ
ܽଶ

4.27

It should be mentioned here that there are other phenomenological models which give a
more realistic description of the diffusive motion of hydrogens within proteins;
however, for reasons explained here these were not used in this work. In the Hall and
Ross model (1981) there is jump diffusion between sub-volumes within the boundary
volume, with a Gaussian distribution of jump lengths. This is particularly applicable to
the movement of hydrogens in protein side chains, where the microenvironment of
neighbouring side chains and the polypeptide backbone produces a habitat of multiple
confinement pockets and exclusion volumes. At low- to mid-Q, only the larger
boundary volume is resolved and this model is identical in this region of reciprocal
spaces to that of Volino and Dianoux (1980). At high-Q, however, ī approaches an
asymptote which relates to these jumps and the distribution of their lengths. This
asymptote was not observed in our results, and this may be due to the measured Q-range
being too small. In this case, the diffusion within a sphere model is identical within the
measured Q-range to the random jump diffusion model, and there is no meaningful
distinction between them in this range.
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The activation energy, Ea, for a diffusive motion is related to the correlation time
of that motion as a function of temperature by an Arrhenius law as described in the
following model-independent formula.
߬ୡ୭୰୰ୣ୪ୟ୲୧୭୬ (ܶ) = ߬ ݁ ିாΤా ்

4.28

Here, ɒ0   -  Ǥ If two quasielastic spectra are compared for a
system under different conditions, for example GstDnaB free and in complex with
BsuDnaI, the change in activation energy can be quantified by the ratio between the
measured correlation times.
οܧୟ
߬ଵ
ൗ߬ଶ = exp
݇ ܶ

4.2.6

4.29

Instrumentation: IN6 time-of-flight spectrometer

The neutron energy change can be measured by either the change in velocity or change
in wavelength, by time-of-flight (TOF), neutron spin echo and backscattering
instruments (Frick and Heidemann, 2005, Eccleston, 2006, Lechner and Longeville,
2006, Serdyuk et al., 2007, Willis and Carlile, 2009, Lechner, 2011). TOF instruments
exploit the energy-dependence of neutron velocity (~800 m.s–1 for cold neutrons) to
measure the energy exchanged with the sample. Neutron spin echo instruments also use
time-of-flight and can access much longer time-scales by direct measurement of I(Q,t).
Backscattering instruments exploit the energy-dependence of neutron wavelength to
measure the energy exchanged with the sample, by the difference in wavelength
between the incident and scattered neutrons, as determined by monochromator/analyser
crystals. Compared to TOF, backscattering instruments can measure very small energy
changes. The advantage of TOF is that it allows a relatively large region of ܵ(ܳ, ߱) to
be measured, which is useful for performing broad surveys of dynamics.
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Figure 4.3: IN6 cold neutron time-focussing time-of-flight spectrometer. The triple monochromator
crystal array selects three slightly different wavelengths (i.e. velocities) of neutrons for the incident beam
from the polychromatic beamline. A Fermi chopper pulses neutrons through the sample, passing the
slowest neutrons first and the fastest last. The chopper is designed so that neutrons that have exchanged
the same amount of energy with the sample will arrive at the detectors at the same time, regardless of
their initial energy. Neutrons that have gained energy by interaction with the sample will arrive at the
detectors ahead of the elastic peak, and vice-versa for neutrons that have lost energy to the sample. In this
time-focussing triple monochromator configuration, the flux through the sample is triple what it would
otherwise be with a single incident wavelength. This instrument can measure energy transfers of +200 to
–3 meV with a wavelength-dependent resolution of 50–170 μeV. Figure source: Eccleston, 2006.

In the work reported here, the TOF instrument IN6 (Cicognani, 2008) was used
to measure picosecond-scale motions at one instrumental resolution. In IN6, incident
neutrons are pulsed through the sample by a spinning chopper device, and the difference
between their time of arrival at the detector and what would be expected had there been
no energy change is converted to give the gain or loss of energy for each detected
scattering event (Figure 4.3).
IN6 is a direct geometry TOF instrument, meaning the sample is illuminated
only by selected neutron wavelengths, and their final energy is determined by TOF. In
the primary spectrometer, a triple monochromator graphite crystal array simultaneously
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selects three different wavelengths from the neutron guide to pass into the instrument.
The neutrons are then passed through a beryllium filter, which removes higher order
harmonics. The beam then passes through a Fermi chopper, which consists of a rotating
drum with curved slits through which the desired wavelengths can pass. The Fermi
chopper is phased so that neutrons of all three wavelengths arrive at the detectors
simultaneously for zero energy exchange; this is called the time time-focussing
condition. By multiplexing the wavelengths, triple the intensity and therefore triple the
scattering signal is achieved. The neutron beam then passes through the sample, where
most neutrons pass through without interaction, while a certain percentage are scattered
from the sample. Scattered neutrons pass through a helium filled box before arriving at
the detector array. Each of the 337 3He detectors is indexed by angle, and the time of
arrival at the detectors relative to the phasing of the Fermi chopper is used to determine
the velocity change, and therefore energy and momentum change of the detected
neutrons. IN6 has a near-Gaussian resolution function.

4.3 Methods
Measurements were recorded for six samples: GstDnaB in D2O, BsuDnaI in D2O,
perdeuterated BsuDnaI (D-BsuDnaI) in both H2O and D2O, GstDnaB-BsuDnaI complex
in D2O and GstDnaB-D-BsuDnaI in D2O. For each sample, the purified protein or
protein complex was first extensively dialysed into a buffer containing 100 mM
ammonium acetate and 1 mM DTT before lyophilisation at –55°C in glass sample
holders attached to a Christ Alpha 1-2 LDplus freeze dryer. Because ammonium acetate
is volatile, it vaporises in the freeze drying process and leaves no residue. Samples to be
measured in D2O were subjected to H-D exchange by redissolving them in the buffer
containing 100% D2O before a second lyophilisation step. Samples were then placed in
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a slab-shaped aluminium sample holder, desiccated over P2O5, weighed and rehydrated
to 0.32 g D2O or 0.29 g H2O per 1 g protein, as judged by weight. These respective
hydration levels were chosen so that the number of water molecules per protein would
be equal for both D2O and H2O hydration. The sample holder was then sealed and reweighed. At this hydration level, there is a monolayer of water coating the protein
(Careri, 1998). At this level of hydration, protein dynamics have been shown to match
those of protein in a liquid sample, while the absence of bulk water means that the
sample can be measured to low temperature without the formation of ice.
Measurements were conducted using the time-of-flight instrument IN6 at the
Institut Laue-Langevin (ILL, Grenoble, France), at a wavelength of 5.12 Å with a
resolution of 90 μeV, as determined by the FWHM of the elastic scattering peak from a
plate-shaped vanadium standard. From Eqn. 4.16, with the resolution function for IN6
approximated as Gaussian, this energy resolution corresponds to an observation time
decay constant ο()ݐு of 6 ps.
Samples were measured as hydrated pastes sealed within aluminium (transparent
to neutrons) sample holders, with a path length of 0.3 mm, short enough for multiple
scattering and neutron absorption to be negligible. For each measurement, the sample in
its holder was placed in an orange cryostat, at a 135° orientation to the incident neutron
beam. The sample was cooled to 20 K over the course of ~2 hours and the temperature
increased in steps to 300 K while scattering was recorded over the course of ~24 hours.
Neutron transmissions through the sample were ~99%, obviating any need for multiplescattering correction. Sample holders were re-weighed post-measurement to confirm
that no sample had been lost to the vacuum environment. The scattering of an empty
aluminium sample holder was recorded prior to sample measurements to record the
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background scattering. The scattering of vanadium, a near-perfect elastic scatterer, was
recorded prior to each measurement in an aluminium sample holder at 285 K.
Initial data reduction and normalisation were conducted using LAMP (Large
Array Manipulation Program, ILL). Scattering was binned into discrete Q-values, with
faulty detector channels removed. Time-of-flight values were transformed to energy
changes which were also binned. Scattering was normalised by the incident flux, the
scattering from the vanadium standard, and the scattering from the sample at 20 K, to
normalise the scattering intensity and remove any coherent scattering contributions,
which are temperature-independent.
To extract the mean squared displacement (MSD) values, the natural logarithm
of the normalised elastic intensity was plotted against the square of the scattering vector
for each sample at each temperature. A linear equation was then fit in the range
ݑۃଶ  ۄή ܳଶ   2 using the scaled Levenberg-Marquardt algorithm, weighted by the
intensity errors. From the slope of the line, the MSD for each temperature was
determined by Eqn. 4.19. From the slope of the MSD versus temperature plot, the force
constants were determined by linear fitting and Eqn. 4.20, both above and below the
glass transition temperature. Elastic and quasielastic scattering data were processed by
me and Dr Moeava Tehei.

4.3.1

BsuDnaI

Both the non-labelled and perdeuterated BsuDnaI were measured. The non-labelled
protein was purified by Dr Charikleia Ioannou and I purified the perdeuterated protein.
Cells expressing D-BsuDnaI were cultured by the National Deuteration Facility
(ANSTO), and the protein purified from these using the same method as for nondeuterated BsuDnaI (described in Section 2.3). 179.1 mg of non-labelled protein was
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measured in a hydration layer of 57 mg of D2O. 113.0 mg of perdeuterated protein was
measured in a hydration layer of 32.9 mg H2O and 64.9 mg of perdeuterated protein was
measured with a 20.77 mg D2O hydration layer. These correspond to hydration levels of
0.32 g D2O / 1 g protein, or 0.29 g H2O / 1 g of protein.
The dynamics of BsuDnaI were determined from the ܵ(, ߱) of the non-labelled
protein in D2O at each resolution. BsuDnaI surface water dynamics were determined by
subtracting the ܵ(, ߱) of the perdeuterated protein in D2O from the ܵ(, ߱) of the
perdeuterated protein in H2O.

4.3.2

GstDnaB

The free GstDnaB was purified by Dr Charikleia Ioannou following the same procedure
described in Chapter 2. 187 mg of non-labelled GstDnaB was rehydrated with 60.5 mg
D2O, corresponding to a hydration level of 0.32 g D2O / 1 g protein.

4.3.3

GstDnaB-BsuDnaI

48.60 mg of non-labelled GstDnaB-BsuDnaI (Figure 4.4) was rehydrated with 13.47
mg of D2O, giving 0.317 g D2O per 1 g protein. 127.1 mg of the complex containing the
perdeuterated BsuDnaI, GstDnaB-D-BsuDnaI, was rehydrated with 40.5 mg D2O, 0.32
g D2O per 1 g protein.
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Figure 4.4: Example of lyophilised protein sample, GstDnaB-BsuDnaI, fully desiccated.

4.4 Results and analysis
4.4.1

BsuDnaI and surface water

Mean squared displacements were extracted from the Q dependence of the elastic
scattering for each temperature step for both BsuDnaI and its surface water (Figure
4.5). The temperature dependences of the mean squared displacements were used to
extract the force constants below and above the glass transition temperature for BsuDnaI
and its surface water (Figure 4.6). In BsuDnaI, the glass transition is at 200 K, whereas
for its surface water this transition is at 220 K. Above the glass transition, BsuDnaI has
an effective force constant ݇Ԣ = 0.72 ±  0.04 N.m–1, and its surface water has a
similar effective force constant ݇Ԣ = 0.6 ± 0.1 N.m–1. The amplitude of the MSDs in
BsuDnaI is significantly higher than for its surface water, for example at 270 K ݑۃଶ = ۄ
0.486 ± 0.004Åଶ for BsuDnaI, whereas the MSD of the surface water is approximately
half this value, ݑۃଶ  = ۄ0.26 ± 0.02Åଶ .

162

4.4. RESULTS AND ANALYSIS

Figure 4.5: Examples of analysis of the Q-dependence of the elastic scattering intensity of BsuDnaI at 80,
180 and 270 K, consisting of Levenberg-Marquart linear fits to the ln[I(Q, 0±Ȧmin)] vs Q2 plot for each
temperature, the slopes of which were used to determine the MSDs at these temperatures. Note that this is
analogous to Guinier analysis in small angle scattering.

Figure 4.6: MSD versus temperature plot for BsuDnaI (red) and its associated surface water (blue). The
dynamical transition of BsuDnaI occurs at 200 K, below which the protein has a force constant ݇ =
2.41 ± 0.08 N.m–1, and above which it has an effective force constant ݇Ԣ = 0.72 ±  0.04 N.m–1.
Below its dynamical transition at 225 K the surface water has a force constant ݇ = 14 ± 8 N.m–1 and an
effective force constant ݇Ԣ = 0.6 ± 0.1 N.m–1 above this temperature. The ranges of each linear fit are
indicated by the unbroken lines.

Single Lorentzians were used to represent the quasielastic scattering at selected
temperatures and Q-values for BsuDnaI and its surface water (Figure 4.7). The
dependence of the Lorentzian HWHM, ī, on Q2 at 285 K was used to analyse diffusive
motions within the experimental energy window. For BsuDnaI, ī is non-zero at the
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extrapolation to Q = 0, indicating the quasielastic signal comes from confined motions.
There is no Q-dependence in the low-Q range Q2 < 1 Å–2. In the higher momentum
transfer range of Q2 > 1 Å–2, ī increases linearly with Q2 and does not reach a clearly
identifiable plateau within the measured Q range. This is characteristic of the Volino
and Dianoux (1980) model for diffusion within a sphere. By Eqn. 4.26, the Q0 value of
1 Å–1 corresponds to a radius a of 3.1 Å for the sphere of confinement. Using this radius
and ߁ = 215 ± 5 μeV, by Eqn. 4.27 a diffusion coefficient of ܦ୪୭ୡୟ୪ = 7.5 ± 0.2 ×
10ିହ  ଶ sିଵ is obtained for diffusion within the sphere of confinement.

Figure 4.7: Plot of the HWHM of the single quasielastic Lorentzian distribution, ī, vs. Q2 for BsuDnaI
and the surface water on BsuDnaI at 285 K. For BsuDnaI, in the range Q2 < 1 Å–2, ī there is no apparent
Q-dependence, while above this, in the range 1  ܳ ଶ  3.6 Å–2, there is a linear broadening of ī with Q2.
In contrast to the protein, the surface water on BsuDnaI displays no dependence of ī on Q2.

In the shorter length-scale range Q > 1 Å–1, translational diffusion is observed
and there is a parabolic increase of ī with Q. In this range, a translational diffusion
coefficient ܦୗ = 0.89 ± 0.04 ×  10ିହ ଶ s ିଵ was obtained by the slope of a linear fit
of ī vs Q2 using Eqn. 4.23. The profile (and thus derived parameters) of the ī vs Q2
plot for the protein is similar to that observed by Jasnin et al. (2008) for motions of
protein within E. coli cells measured by IN6.
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For the surface water on BsuDnaI, ī is approximately independent of Q with a
mean value of 170 ± 30 μeV. Because translational motions of water are known to be
associated with energy transfers far smaller than the instrumental resolution, the
quasielastic scattering signal has been ascribed to rotational motion of the water, the
energy transfer of which falls within the measured range. The observed flat dependence
of quasielastic linewidth on Q2 is expected for rotational motions and is therefore
consistent with this interpretation. From Eqn. 4.24, a rotational diffusion coefficient
ܦோ = 1.3 ± 0.2 × 10ଵଵ s–1 is obtained from the mean quasielastic linewidth. This
corresponds to a rotational correlation time of ߬ோ =

ଵ
ଶೃ

= 3.9 ± 0.7 ps. This is very

similar to the value found by Russo et al. (2004) for protein surface water (note that
their definition of the correlation time is ½ of that used here, and this has been taken
into account).

4.4.2

GstDnaB

Below the glass transition temperature, free and complexed GstDnaB are equally rigid
(within the margin of error), with a force constant of 2.0 ± 0.1 N.m–1 (Figure 4.8). The
glass transition of free GstDnaB at 199 K is at a lower temperature than that of the
complexed protein, 235 K. Above its glass transition, BsuDnaI-complexed GstDnaB is
less rigid, with a force constant of 0.39 ± 0.02 N.m–1 compared to that of the free
protein, 0.64 ± 0.04 N.m–1. An example of the decomposition of the peak centred at
ɘ = 0 into its elastic and quasielastic components is shown in Figure 4.9. The sum of
the quasielastic and elastic components is a close approximation of the observed
normalised peak.
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Figure 4.8: Comparison of the MSD versus temperature profiles of free GstDnaB and GstDnaB within
the GstDnaB-BsuDnaI complex measured at an instrumental resolution of 90 μeV. These have similar
force constants (rigidity) below the glass transition temperature, 2.0 ± 0.1 N.m–1. The onset of
anharmonic motions occurs at a lower temperature in free GstDnaB, 190 K, compared to 240 K for the
complexed protein. Above its glass transition temperature, the complexed GstDnaB has a smaller
effective force constant, 0.39 ± 0.02 N.m–1, and is less rigid than the free protein, which has an effective
force constant of 0.64 ± 0.04 N.m–1. Error bars for free GstDnaB are within the thickness of the symbol.

Figure 4.9: The normalised scattering peak centred at ɘ = 0 for T = 285 K at Q = 1 Å–1 for GstDnaB in
the GstDnaB-BsuDnaI complex. The measured peak can be closely approximated by the sum of an elastic
peak (the resolution function) determined from the scattering of the vanadium standard, and a single
Lorentzian peak representing the quasielastic scattering.

The quasielastic scattering linewidths of both free GstDnaB and GstDnaB within
the GstDnaB6-BsuDnaI6 complex were plotted as ī vs Q2 (Figure 4.10). In both the free
and complexed protein, there is no dependence of the quasielastic linewidth on Q. This
was attributed to reorientational motion, and the correlation times were extracted from
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the mean ī for each using Eqn. 4.25. Free GstDnaB has a mean ī of 210 ± 10 μeV,
corresponding to ߬ୡ୭୰୰ୣ୪ୟ୲୧୭୬ = 3.2 ± 0.2 ps, while the complexed GstDnaB has a
smaller mean linewidth ߁ = 65 ± 10ɊeV giving ߬ୡ୭୰୰ୣ୪ୟ୲୧୭୬ = 10.6 ± 0.2 ps. From
these correlation times, the change in activation energy upon binding was determined to
EH ǻEa = 0.65 ± 0.01 kcal.mol–1 by the model-independent Eqn. 4.29. This is
FRPSDUDEOHWRWKHFKDQJHLQDFWLYDWLRQHQHUJ\ǻEa = 0.54 ± 0.12 kcal.mol–1 reported for
free vs. silica -immobilised dihydrofolate reductase reported by Tehei et al. (2006).
Methyl group rotations are known to dominate at the picosecond timescale and
have a characteristic time of 4–6 ps (Fitter et al., 1996). The characteristic time for
methyl group rotations is ߬୫ୣ୲୦୷୪ =

ଷ
ଶ௰

; for free GstDnaB this gives ߬୫ୣ୲୦୷୪ =4.7 ± 0.2

ps, and for the complexed GstDnaB it is ߬୫ୣ୲୦୷୪ =16 ± 3 ps. This latter value falls
outside the range of methyl group rotations. Fast-type two site jumps/reorientations, as
in –CH2 groups and hydrogen bonds have a specific time ߬ଶୱ୧୲ୣ = 2/߁, and for the
complexed GstDnaB this gives ߬ଶୱ୧୲ୣ = 21.5 ± 3 ps, in accord with the 13–19 ps range
specified by Fitter et al. (1996).

Figure 4.10: Plot of the quasielastic HWHM ī vs Q2 for GstDnaB both free and in its complex with
BsuDnaI. The complexed protein has less diffusive motion compared to the free GstDnaB, within the
picosecond time regime of this measurement. The lack of dependence of ī on Q is a signifier of
rotational/reorientational motion. Error bars are shown but most fall within the thickness of the symbols.
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4.5 Discussion
4.5.1

Surface water on BsuDnaI

The force constant analysis demonstrates that BsuDnaI and its surface water are of
similar rigidity above the glass transition, although there is an appreciable difference
between their MSD values. Importantly, the glass transition temperature for the surface
water is higher than that of the protein, and this has important implications for the
relationship between protein and surface water, discussed below. The quasielastic
analysis demonstrated that the protein and its surface water have diffusive properties in
ranges that are to be expected of these components, and this provides confirmation that
the signals attributed to protein and surface water do indeed result from these
components.

4.5.1.1 Isolating the surface water signal
There is a large body of literature concerning the dynamical interaction between
proteins and their surface water. Owing to its sensitivity to hydrogen and unique ability
to separately measure the dynamics of protein and surface water by selective
deuteration, neutron spectroscopy has made a significant contribution to this field of
study (Randall et al., 1978, Middendorf, 1984, 1996, Bellissent-Funel, 2000, Tarek and
Tobias, 2000, Wood et al., 2008). Often, measurement by neutron spectroscopy of
protein surface water has involved measuring the scattering from perdeuterated protein
in H2O, and assuming the contribution from the protein component is negligible and the
observed signal represents only the surface water. This is not necessarily an accurate
assumption, and it is possible for the protein component of the measured scattering to be
substantial.
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Assuming a hydration level of 0.3 g H2O per 1 g of protein, and using the
scattering cross sections in Table 4.1, the total incoherent signal for a sample of
perdeuterated protein in H2O takes a contribution of ~9% from the protein with the
balance from the water, as calculated for BsuDnaI. This figure is for scattering across
the full range of energy transfer values. However, in any given measurement only a
specific window of energy transfers are measured as set by the instrumental energy
resolution. It is therefore crucial to be aware that the contribution to the measured
scattering from the deuterated protein can substantially exceed 9%. For example, a
measurement might be particularly sensitive to the energy exchanges associated with
protein side chain hydrogen translational diffusive motions, while being relatively
insensitive to the translational and rotational motions of the surface water.
In any measurement where there are multiple components, e.g. protein and
surface water, the observed quasielastic scattering may result from a convolution of the
Lorentzians associated with the scattering functions of each component. Where single
components have been measured separately from complex samples to obtain a
reference, their contribution to the measured scattering is typically removed by
subtraction, rather than a more rigorous deconvolution. The validity of this
approximation depends on the level of contribution from the reference component
within the complex sample. The greater the contribution of this component to the
measured quasielastic scattering (either in terms of scattering intensity or broadening of
the Lorentzian), the less accurate will be a simple subtraction of one Lorentzian from
another. In cases where the contribution from each component is relatively equal, it
should not be considered valid to simply subtract the scattering signal of one component
from their convoluted signal. It is therefore important to have an estimate of the
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scattering contribution of the component to be subtracted within the measured energy
range, and to minimise this where possible, i.e. by selective deuteration.
In this work, the protein contribution to the measured scattering of surface water
was eliminated by measuring the scattering of (1) deuterated protein in H2O and (2)
deuterated protein in D2O, before subtracting (2) from (1) to obtain the difference
spectrum representing water scattering. Here, the deuterated protein contribution to the
measured scattering in the presence of surface H2O was judged to be < 9%. The
approximation inherent in subtracting rather than deconvolving the protein signal from
the protein + water signal was therefore judged to be valid. The protein scattering was
then determined by measuring (3) non-labelled protein in D2O, where the D2O
component was treated as small enough to be neglected.
In other works, the signal for water scattering has been obtained by measuring
only (1) and assuming the deuterated protein signal is negligible (invalid for reasons
explained above), or otherwise by measuring (4) non-labelled protein in H2O and (5)
non-labelled protein in D2O and subtracting (5) from (4). This latter technique has the
advantage of not requiring labelled protein, because the dynamics of deuterated protein
may differ from non-labelled protein, and deuterated proteins can be difficult and
expensive to produce. A potential problem with this technique, however, is that a simple
subtraction of one spectrum from the other does not account for the convolution of
protein and surface water signals in the observed quasielastic scattering. This is a
particular problem where both components are non-labelled and therefore both may
have a substantial contribution to the observed scattering. Ideally, a more theoretically
sound way to deconvolve the scattering from surface water and protein could be
developed, so there would no longer be a need for deuterated protein samples in surface
water measurements, depending on the resolution used. The results presented in this
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work are now being used in an effort to derive such a method (Tehei, manuscript in
preparation).

4.5.1.2 Coupling of protein and surface water dynamics
Previous works have proposed a master-slave relationship between surface water and
biomolecule dynamics, in which dynamical transitions of the surface water drive those
in the biomolecule, both at the molecular surface and interior (Beece et al., 1980, Diehl
et al., 1997, Fenimore et al., 2002, Frauenfelder et al., 2002, Caliskan et al., 2004,
Fenimore et al., 2004). This slaving has been proposed to work through the
biomolecule-solvent hydrogen bonding lifetimes and solvent translational motions.
Khodadadi et al. (2010) have made the alternative proposal that biomolecule and
surface water dynamics are merely coupled. In this model, solvent dynamics influence
biomolecule dynamics and vice versa. One of the key markers of dynamical
coupling/slaving is simultaneous onset of the glass transition in protein and surface
water, and this has been both experimentally observed and simulated by molecular
dynamics (Tournier et al., 2003, Fenimore et al., 2004, Wood et al., 2008, Gallat et al.,
2012).
The finding that the glass transition of BsuDnaI occurs at a lower temperature
than that of its surface water is incompatible with the solvent-slave dynamics model. A
certain degree of dynamical coupling is to be expected, however. BsuDnaI is a twodomain protein with no solvent-accessible interior surfaces (see Figure 3.9). By
contrast, the cylindrical beta barrel structure of green fluorescent protein (GFP), used in
certain studies, means it has a far greater surface area to volume ratio, and hydrogen
bonding with the solvent is extensive, giving rise to a close coupling between protein
and solvent dynamics (Nickels et al., 2012).

CHAPTER 4. NEUTRON SPECTROSCOPY OF HELICASE AND HELICASE LOADER

171

4.5.2
Changes in GstDnaB upon complexation with its
loading partner
The BsuDnaI-complexed GstDnaB is less rigid above the glass transition temperature,
while simultaneously having a greater glass transition temperature and lower diffusive
motions in the measured energy range when compared with the free protein. To
understand these results together requires some consideration. Doster et al. (1989)
describe energetic wells before and after the glass transition, separated by an energetic
barrier. The increased glass transition temperature of GstDnaB in the complex could
therefore be interpreted as the result of an increased energetic barrier to attaining the
dynamical transition imposed by its BsuDnaI-bound environment. The abolition of
methyl rotations (within the measured energy range) upon complexation can be
interpreted similarly: binding of BsuDnaI increases the energetic barrier to the onset of
methyl rotations. For comparison, the difference in activation energy between free and
complexed Gst'QD% LVFRPSDUDEOH WR WKH ǻEa for free and immobilised dihydrofolate
reductase (DHFR) reported by Tehei et al. (2006), in which DHFR was immobilised by
binding to a silica matrix. The binding of BsuDnaI thus enforces a profound change on
the dynamics of GstDnaB in which picosecond-scale diffusive motions are damped to
an extent comparable to that caused by protein immobilisation.
In such a large and complex system, it is difficult to identify direct relationships
between changes in the ensemble-averaged, picosecond-scale hydrogen dynamics,
structural changes and the functional context. One possible way to explain the marked
decrease in methyl group diffusive motions would be that the observed dynamical
changes occur directly at the site of GstDnaB-BsuDnaI interaction, which is modelled in
Chapter 3 as a large portion of the GstDnaB surface. This would require methyl groups
in GstDnaB to be concentrated at the protein surface, at the site of interaction. Methyl
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groups are distributed more or less homogenously throughout the structure of GstDnaB,
however, including at the protein surface and in its core. The dynamical change in
GstDnaB applied by BsuDnaI is therefore distributed throughout the protein.
While the exact properties of the dynamical changes upon complexation may be
difficult to interpret, the level of the dynamical change can be related to the scale of
structural change. In the structural models of the E. coli and Bacillus spp. helicaseloader complexes published by Arias-Palomo et al. (2013) and presented in Chapter 3,
there is a large contact surface between the helicase and its loading partner.
Complexation results in large scale conformational change, turning the helicase from a
planar to a non-planar conformation, and rearranging the helicase NTD collar. By
holding the helicase ring open, the helicase loader enables loading onto DNA to occur.
Altered dynamics at the picosecond scale should not be an unexpected result of such a
dramatically altered structure.

4.6 Perspectives
Neutron spectroscopy is mostly used in physics and materials science, where samples
tend to give relatively simple spectra compared to complex biological samples. One of
the great powers of neutron spectroscopy, however, is the ability to reduce otherwise
complex spectra to certain components through the use of selective deuteration and
selection of the energy resolution. This allows some interesting biological
measurements. In biology, neutron spectroscopy has been used to measure the dynamics
of components of proteins, lipid membranes, and even the water in bacterial cells.
Isolating the dynamics of particular components of such complex systems can be very
difficult, and requires carefully planned experiments. The energy resolution should be
selected so that only the desired components are measured, and it is typically necessary
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to measure at several resolutions, which can require lengthy beamtimes on multiple
instruments. The effect of selective deuteration in making the dynamics of particular
components near invisible is one of the great advantages of neutron spectroscopy, but it
can be expensive and difficult to produce deuterated proteins (and for that matter nonlabelled proteins) in the large quantities required. While biologists may be more
accustomed to biophysical techniques that give a rich amount of precise atomic-level
structure/dynamics information, i.e. X-ray crystallography, NMR, MD simulations etc.,
neutron spectroscopy can only give the ensemble averaged dynamics of hydrogen
atoms. It is therefore important to have a good understanding of the context of these
dynamics, and their implication for biological function.
For the above reasons, neutron scattering studies of proteins have tended to use
already well-characterised model proteins that can be produced or purchased in large
quantities, such as myoglobin, lysozyme and acetylcholinesterase. These proteins have
been extensively characterised in terms of structure, biochemistry and dynamics.
Neutron spectroscopy has been used in investigations of these model proteins to either
address very specific questions about the dynamics and function of these proteins, or
otherwise to investigate their general dynamical properties. From these types of studies
we have learned more about the glass transition, solvent-protein interactions, the rigidity
of proteins, fast time-scale diffusive motions and the relationships between these and
biological function. One weakness in the work presented here is that the DnaB-DnaI
complex has not been fully structurally characterised, and models for how it behaves
during helicase loading are only speculative. This, and the large size and complexity of
the system makes it difficult to interpret ensemble averaged picosecond-scale dynamical
information in terms of biological context. The measurements reported here represent a
first in terms of measuring the picosecond-scale dynamical changes that occur in
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protein-protein binding, however dynamical changes can be as unique as structure itself,
and may not be generalisable to other protein-protein complexes.
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Chapter 5 SAXS ANALYSIS OF OTHER REPLISOMAL
PROTEINS
All protein samples used for work described in this chapter were provided by colleagues
in the Dixon Laboratory as specified. General methods applicable to these experiments
and data analysis are described in Section 3.2.

5.1 
5.1.1

Ƚ-̱ɒc16

Background and aims

In the E. coli reSOLVRPHWKHĲSURWHLQIRUPVSDUWRIWKHįȖĲ2į¶ȥȤ clamp loader complex
(see Figure 1.2), and facilitates its tethering to both the leading and lagging polymerase
FRUHV7KHĲȖįDQGį SURWHLQVIRUPDSHQWDPHULFULQJFRQVLVWLQJRIWKHLUGRPDLQV,–
III, which share similar structures, including an AAA+ domain. Extending from this
ring are the C-terminal domains IV and 9RIĲZLWKWKHGRPDLQ 9RIRQHĲFRQWDFWLQJ
the C-WHUPLQDO UHJLRQ RI Į ZLWKLQ WKH OHDGLQJ VWUDQG FRUH ZKLOH WKH RWKHU FRQWDFWV WKH
equivalent part of the lagging strand core (Gao and McHenry, 2001, Lopez de Saro et
al., 2003, Jergic et al., 2007). Until recently, the exact structure of the complex between
E. coli ĲGRPDLQ9 ɒ-C) and the C-WHUPLQDOUHJLRQRIĮ Ƚ-& ZDVXQNQRZQ'L[RQ¶V
laboratory has crystallised a construct of the C-WHUPLQDO GRPDLQ RI Į UHVLGXHV –
1160) and the C-terminal domain V oI Ĳ UHVLGXHV –643), joined by a 16-residue
OLQNHU DQG QDPHG Į&7'aĲC16. X-ray crystallography revealed two different contacts
EHWZHHQĮ-&DQGĲ-C in the crystal, indicating two possible dimers (Figure 5.1). One of
these dimers, formed through contact 1 in Figure 5.1 KDVDQH[WHQGHGµ9¶VKDSHZKLOH
WKH DOWHUQDWH GLPHU IRUPHG E\ FRQWDFW  KDV D PRUH FRPSDFW µ7¶VKDSH 7R GHWHUPLQH
which or if both of these crystal contacts is biologically relevant and which is merely a
crystal packing contact, SEC-6$;6 PHDVXUHPHQW RI D VLPLODU Į-CTD~ĲC16 construct
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joined by a ten residue linker was conducted and the result compared with the two
dimer structures.

Figure 5.17KHWZRFRQWDFWVEHWZHHQĮ-CTD (JUHHQPROHFXOH DQGĲC16 (blue molecules) in the crystal.
SEC-SAXS was used to determine which of these is biologically relevant by determining which of the
two possible heterodimers is present in solution. Contact 1 gives a V-shaped dimer, while Contact 2
results in a more compact T-shaped dimer. Note that the linker residues between the Ƚ-C and ɒ-C
domains is not visible in the crystal structure.

5.1.2

Methods

*HO SXULILHG Į-&7'aĲc16 was prepared by Dr Zhi-Qiang Xu (School of Chemistry,
University of Wollongong). SEC-SAXS measurements were recorded in June 2012,
with 100 / RI Į-&7'aĲc16, 150 mM NaCl, 1 mM TCEP and 5% v/v glycerol. The
protein was eluted at 0.5 mL.min–1 in the same buffer while 2 s SAXS exposures were
recorded at a camera length of 1600 mm. Other experimental details are as described in
Section 3.2.
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Results

Į-&7'aĲC16 eluted in a peak of high scattering intensity with a stable radius of gyration
across the full peak width (Figure 5.2). Scattering was averaged from 36 exposures
before radial averaging and buffer subtraction to give the final SAXS curve (Figure 5.5,
Section 5.1.4). Guinier analysis indicated a radius of gyration of 30.8 ± 0.6 Å (Figure
5.3), while the p(r) gave a radius of gyration of 30.8 ± 0.2 Å and a maximum dimension
of 107.6 Å (Figure 5.4).

Figure 5.2:SEC-SAXS elution profile of E. coli Į-&7'aĲc16. The complex had high intensity scattering
with a stable radius of gyration across the range of the elution peak, and scattering was averaged between
10.6–11.2 mL, as indicated by the region bounded by red bars.
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Figure 5.3: Guinier analysis of the of E. coli Į-&7'aĲc16 LQWKHUDQJHQ.RJLQGLFDWLQJD
radius of gyration of 30.8 ± 0.6 Å.

Figure 5.4: Pair distance dLVWULEXWLRQ RI Į-&7'aĲc16, obtained from SEC-SAXS, indicating a radius of
gyration of 30.8 ± 0.2 Å and a maximum dimension of 107.6 Å.
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Comparisons and 3D modelling

Figure 5.5: Comparison of the experimentaO 6$;6 SDWWHUQ RI WKH Į-&Ĳ-C complex (blue) with the
theoretical scattering patterns of the two possible atomic models (red and green), produced by different
FRQWDFWVEHWZHHQĮ&7'DQGĲC16 within the unit cell. Note that the missing linker residues in the crystal
structures of each dimer were not accounted for here, but these contribute less than 3% of the scattering
length of the construct.

The experimental SAXS pattern and elution volume (Appendix B) indicated that the Į&7'aĲc16 protein is not aggregated in such a way that both contacts are made in
solution (in contrast to the crystal). The SAXS data were compared with the calculated
6$;6 RI WKH WZR SRVVLEOH Į-&7'aĲc16 dimers. There is a close fit between the
experimental scattering and the theoretical scattering of the V-shaped dimer produced
by contact #1. The T-shaped dimer produced by the other contact, however, does not
give a good fit to the experimental scattering (Figure 5.5).
The program GASBOR was used for ab initio modelling. This takes the
scattering pattern and number of residues as input, and uses simulated annealing to
produce a model that represents the protein as a chain-like ensemble of dummy residues
(see also Sections 3.1.5 and 3.4.4) (Svergun et al., 2001). Fifteen GASBOR models
were produced with different initial random seeds. These were aligned and compared by
the program DAMAVER, running in automatic mode (Volkov and Svergun, 2003). The
models have a mean normalised spatial discrepancy (NSD) of 1.05 ± 0.03, ranging
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between 1.008–1.132, indicating that there are no major deviations among them, and all
are similar. The V-shaped dimer #1 atomic model was docked into the most
representative model by SUPCOMB (Kozin and Svergun, 2001), revealing a very close
match between these structures (Figure 5.6).

Figure 5.6: (A) Superposition of the V-VKDSHGFU\VWDOVWUXFWXUHRIWKHĮ&7'aĲc16 GLPHU Į&7'LQJUHHQ
DQGĲc16 in blue, cartoon representations) with the most representative GASBOR ab initio dummy residue
model (red spheres). (B) Fit of theoretical I(Q) of the most representative GASBOR model (red dashed
line) to the experimental SAXS (blue). Note that the GASBOR model includes the linker residues, which
are not visible in the crystal structure.
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Discussion

*LYHQ WKH FKRLFH EHWZHHQ WKH DOWHUQDWLYH Į-&7'aĲc16 dimer contacts, the SAXS data
unequivocally confirms the V-shaped dimer and rejects the T-shaped dimer. Here, there
is a choice between reasonably dissimilar models with different overall shapes and
dimensions, and this is the type of problem SAXS excels at solving. While comparison
of the experimental scattering with the theoretical scattering pattern sufficiently resolves
this dilemma, the ab initio model demonstrates the SAXS data (coupled with the
assumptions of certain protein-like attributes inbuilt in the modelling program) is in fact
prescriptive about the shape of the protein, whereas it is often the case that many
plausible shapes can correspond to a single SAXS curve.

5.2 DNA polymerase III core:clamp complex
5.2.1

Background and aims

7KH FRUHFODPS FRPSOH[ Įİșȕ2 is a subcomplex of the DNA polymerase III
holoenzyme, and comprises tKH WKUHH FRUH VXEXQLWV Į SRO\PHUDVH İ SURRIUHDGLQJ
H[RQXFOHDVHDQGWKHVWDELOLVLQJșDFFHVVRU\SURWHLQLQFRPSOH[ZLWKWKHULQJ-VKDSHGȕ2
clamp, which encircles primer-template DNA to impart processivity. Although atomic
structures of certain protein cRQVWUXFWV DQG LQWHUDFWLRQ VLWHV RI Įİșȕ2 are known, the
structure of the entire complex has not been determined, and this is the next logical step.
7KHUHLVQRZDVWURQJHIIRUWWRGHWHUPLQHWKHĮİșȕ2 structure, making use of a range of
biochemical and biophysical techniques, including mutagenesis, cross-linking, NMR
and X-ray crystallography.
While an X-ray crystal structure of the entire core:clamp complex would be
ideal, there are impediments to crystallising and measuring high-resolution diffraction
of multi-protein complexes; namely protein flexibility and weak intra-complex protein-
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SURWHLQFRQWDFWV7RVWUHQJWKHQWKHFRQWDFWVRIĮDQGİWRȕ2, Dixon and colleagues have
VXEVWLWXWHG D VWURQJHU ȕ-clamp binding motif (CBM) for the wild-type sites in both Į
DQG İ WR SURGXFH WKH ĮL DQG İL variants. With these substitutions, the core:clamp
FRPSOH[FDQEHSXULILHGDVĮLİLșȕ2 (Jergic et al., 2013, Ozawa et al., 2013).
The aim of the SAXS measurements reported here was to measure the overall
shape and dimensions of this complex, and to compare these with structural models of
Įİșȕ2, using the SAXS data as a model validation tool. Measurements were conducted
in the presence and absence of a double-stranded DNA construct containing a 7 nt
overhang. The sequence of the DNA construct was designed so that any bound
core:clamp complex would be trapped in the polymerisation mode when in the presence
RIG$73DQGGG&73%HFDXVHWKHUHZDVRQO\OLPLWHGVDPSOHDYDLODELOLW\RIWKHĮLİLșȕ2
complex, its binding to this DNA construct had not been tested prior to this SEC-SAXS
experiment, and one of the aims of the experiment was to determine whether it would
indeed bind the DNA in an isolable complex. If it could bind this DNA construct, the
resulting stabilisation of the complex could potentially enable crystallisation of the
ZKROHĮLİLșȕ2:DNA complex.

5.2.2

Methods

The ĮLİLșȕ2 complex and its buffer conditions were provided by Mr Nicholas Horan
and Dr Slobodan Jergic. I conducted the SAXS measurement and analysis described
here. Initial SEC-SAXS was conducted in 2012, and higher quality data were collected
at a greater signal-to-noise ratio in 2013. The initial data were consistent with and
superseded by later measurements, which will be described here. The initial
measurements were reported by Ozawa et al. (2013).
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The general SEC-SAXS procedures outlined in Section 3.2 were followed. 95
ȝ/VDPSOHVRIWKHFRPSOH[DWJ/–1 in condition A and 3 g.L–1 in condition B were
injected into the SEC column. Condition A contained 50 mM Tris.HCl pH 7.6, 50 mM,
NaCl 1 mM TCEP, 5% v/v glycerol. In condition B, a double-stranded 5'-fluoresceinlabelled DNA with 28 nucleotides on one strand paired forming a 7 nt 3' overhang on
the complementary 21-mer was added in slight excess to the sample 5 minutes before
loading to reach 27 μM, and a mixture was then added to give a final concentration of
50 μM dATP, 50 μM ddCTP, 5 mM MgCl2. Incorporation of ddCTP was expected to
extend the primer strand to 22 nt and dATP is the next incoming dNTP. In condition B,
the protein was eluted in a buffer containing the same components as the buffer in
condition A, plus 5 mM MgCl2 and 100 μM dATP. The protein was eluted at 0.2
mL.min–1 and 5 s SAXS exposures were recorded at detector distances of 1600 and
3300 mm, for both conditions. These same elutions in both conditions were later
replicated, using an AKTA FPLC with elution fractions collected and acetone
precipitated before resuspension in SDS buffer for analysis by SDS-PAGE.

5.2.3

Results

Exposures from the 3300 mm SEC-SAXS measurements were averaged after
identifying the regions of protein elution where the radius of gyration was stable
(Figure 5.7). Buffer scattering, taken from a region prior to protein elution, was
subtracted from the averaged protein scattering to yield the 3300 mm scattering
patterns.
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Figure 5.7: Top: SEC-6$;6 HOXWLRQ SURILOH RI ĮLİLșȕ2 with DNA and dNTPs absent, recorded at a
camera length of 3300 mm. The radius of gyration was stable across the protein elution peak. Twenty
exposures were averaged across the range of high forward scatter intensity, 7.045–7.370 mL. Bottom:
SEC-6$;6HOXWLRQSURILOHRIĮLİLșȕ2 in the presence of DNA, MgCl2 and dATP. Twenty exposures were
averaged across the range of high forward scatter intensity, 7.100–7.438 mL.

SDS-PAGE analysis of the replicated elutions showed that in both conditions, the full
Įİșȕ2 complex eluted in the main peak with expected subunit stoichiometries (Figure
5.8). Peak fractions from condition B had no visible fluorescence under UV
illumination by a transilluminator, whereas a standard sample of the fluorescein tagged
DNA at the expected amount gave bright fluorescence, indicating that the fluoresceintagged DNA was unfortunately absent from the elution peak.
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Figure 5.8: SDS-3$*( DQDO\VLV RI D UHSOLFDWLRQ RI WKH ĮLİLșȕ2 SEC-SAXS elution with fractions
collected, showing that all components of the complex were present, in the expected 1:2:1:1
stoichiometry. Some of the complex eluted at the void volume (first two lanes), which was well resolved
from the included volume elution peak. The elution profile was the same for both conditions A and B, and
imaging under UV illumination showed that DNA was not present in the eluted sample from condition B,
where the fluorescein tag should have made this highly visible if it were present. The gel was stained with
Coomassie brilliant blue.

For both 1600 mm measurements the sample scattering was averaged over the
equivalent region of the protein elution peak, before radial averaging and buffer
subtraction. Following this, the 3300 and 1600 mm scattering patterns were confirmed
to be consistent before merging and truncation to give the final scattering curves of
ĮLİLșȕ2 in both buffer conditions (Figure 5.9).
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Figure 5.9 )LQDO PHUJHG VFDWWHULQJ FXUYHV IRU ĮLİLșȕ2 in the presence (Condition B) and absence
(Condition A) of DNA/dATP/ddCTP. The curves have been scaled together to correct for differing
concentrations.

*XLQLHUDQDO\VLVRIĮLİLșȕ2 indicated radii of gyration of 49.7 ± 0.2 Å and 50.7
± 0.2 Å in conditions A and B, respectively (Figure 5.10), while the pair distance
distributions indicated radii of gyration of 48.9 ± 0.2 Å and 49.9 ± 0.4 Å and maximum
dimensions of 159.5 and 177.6 Å in conditions A and B, respectively (Figure 5.11).

Figure 5.10*XLQLHUDQDO\VLVRIĮLİLșȕ2, indicating radii of gyration of 49.7 ± 0.2 Å and 50.7 ± 0.2 Å in
conditions A (blue) and B (red), respectively. For clarity of presentation, Condition A has been offset by
subtracting 0.1 from the ln[I(Q)] values.
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Figure 5.11: CompDULVRQRIWKHSDLUGLVWDQFHGLVWULEXWLRQVRIĮLİLșȕ2 in the presence (Condition B) and
absence (Condition A) of DNA/dATP/ddCTP. These indicate radii of gyration of 48.9 ± 0.2 Å and 49.9 ±
0.4 Å and maximum dimensions 159.5 and 177.6 Å in Conditions A and B, respectively.

5.2.4

Analysis

$ PRGHO RI Įİșȕ2 has been created by Dixon and colleagues based on the results of
extensive crystallography, NMR and cross-linking structural experiments as well as
biochemical data (Figure 5.12) (Ozawa et al., 2013)6LQFHİZDVVKRZQWREHIOH[LEO\
tethered to Ƚ DQG ȕ2 DQ HQVHPEOH RI  FRQIRUPHUV RI WKLV PRGHO RI Įİșȕ2 was
generated by Dr Thomas Huber (Research School of Chemistry, Australian National
University). These models were generated by allowing free rotation around the
backbone dihedral angles of Gly180–*OQLQİDVHJPHQWWKDWPDUNVWKHEHJLQQLQJ
RIDQLQWHUGRPDLQIOH[LEOHUHJLRQRILPSRUWDQFHWRWKHSRVLWLRQLQJRIİșZLWKLQWKHFRUH
complex. To compare this ensemble of structures with the experimental SAXS,
CRYSOL was used to calculate the theoretical scattering of each structure within the
ensemble. The 1000 theoretical I(Q) patterns so generated were then averaged (i.e. all
intensities at each Q-value were averaged) to generate the mean theoretical scattering of
the ensemble, which could be compared with the experimental SAXS patterns.
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Representative “loose” and “compact” models were also selected from within this
ensemble for comparison with the experimental curve (Figure 5.12).

Figure 5.12 7RS W\SLFDO H[DPSOH IURP WKH HQVHPEOH RI  Įİșȕ2 models. Bottom: Comparison of
experimental SEC-6$;6SDWWHUQRIĮLİLșȕ2 in the presence and absence of DNA/dATP/ddCTP with the
theoretical I(Q) curves from models of the core:clamp complex.

5.2.5

Discussion

7KH DEVHQFH RI '1$ IURP WKH HOXWLRQ SHDN LQ FRQGLWLRQ % LQGLFDWHV WKDW WKH ĮLİLșȕ2
complex was not DNA bound, and the DNA substrate may need to be redesigned before
crystallography trials can proceed. The small differences between the two conditions
may result from the presence of dATP and MgCl2 in condition B, which may cause a
conformational change in this complex.
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The SAXS measurements offer a reasonably strong validation of the general
features of the complex as modelled. It is appropriate in this case that SAXS be limited
to model validation rather than building or refinement, because the depth, detail, and
precision of the structural information about this complex from other techniques such as
crystallography, cross-linking, and NMR far exceed the information content of SAXS.
SAXS is useful as a validation tool because whereas the aforementioned techniques that
were used to build the model are each focussed on finer details of the structure such as
interaction sites, the SAXS measurement reports on the structure of the complex as a
whole. Further validation or refinement will be provided by experimentally determining
more distance constraints, for example by chemical cross-linking targeted to residue
pairs that are predicted by the current model to be close neighbours. The results of these
SAXS measurements have been published, using initial data collected at a lower protein
concentration, and this article presents a more detailed description of the construction of
the model presented here (Ozawa et al., 2013).

5.3 Escherichia coli DnaG primase
5.3.1

Background and aims

DnaG primase is an RNA polymerase; its role is to synthesise the RNA primers from
which DNA is elongated during DNA replication, once for the leading strand and
intermittently on the lagging strand (Bouché et al., 1975, Frick and Richardson, 2001).
During replication initiation, DnaG binds the NTD collar of the loaded DnaB helicase to
form the DnaB6-DnaG3 primosome complex. E. coli DnaG (EcoDnaG; 581 amino
acids, 65.6 kDa) is made up of three domains (Figure 5.13): the zinc-binding Nterminal domain (ZBD; 1–110) which recognises specific ssDNA sequence motifs, a
central catalytic RNA polymerase domain (RPD; 111–433), and the C-terminal helicase
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binding domain (HBD; 434–511) (Stamford et al., 1992, Sun et al., 1994, Tougu et al.,
1994).

Figure 5.13: Domain map of EcoDnaG, a three domain protein, and its two subconstructs P49 and RCD.

Atomic structures of the HBD and RPD of EcoDnaG have been determined, and
structures of the ZBD from A. aeolicus and G. stearothermophilus provide a basis for
homology modelling EcoDnaG-ZBD (Keck et al., 2000, Pan and Wigley, 2000, Corn et
al., 2005, Oakley et al., 2005, Corn et al., 2008). Structural information about the fulllength protein is lacking, however. It is possible that the lengthy linker regions between
the domains allow them to move freely with respect to each other, or they may have
defined positions. To build an atomic model of full-length EcoDnaG using the available
crystal structures, SEC-SAXS data were collected for the full-length EcoDnaG and the
RCD and P49 subconstructs (Figure 5.13). Because the ZBD and HBD domains are
separated from each other by the large central RPD domain, it was assumed these would
have no effect on each other, and the structures of the P49 and RCD constructs, which
are missing the HBD and ZBD, respectively, would resemble their structures within the
full-length protein.

5.3.2

Methods

Samples were analysed by SEC-SAXS in 2012 (EcoDnaG-RCD) and 2013 (EcoDnaG
and EcoDnaG-P49) using the general procedures described in Section 3.2. All proteins
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were prepared by Dr Tak Yiu Lo, and measurements were conducted in cooperation
with Dr Lo. The data processing and analysis presented here are my work.

5.3.3

Results

5.3.3.1 Full-length EcoDnaG
Full-length EcoDnaG eluted from the size-exclusion column with a shoulder preceding
the main protein elution peak. The main peak was centred at an elution volume
corresponding to an EcoDnaG monomer (Figure 5.14). Because there was a shoulder
present, the scattering was averaged in the second half of the main elution peak to avoid
contamination by the earlier-eluting species, in the range 8.61–8.95 mL, before buffer
subtraction (Figure 5.15). Two Gaussian distributions were fit to the forward scattering
intensity profile, and these had peak centres at 7.84 and 8.62 mL, corresponding to the
expected elution volumes of a dimer and a monomer, respectively (Appendix B).
Figures 5.16 and 5.17 show, respectively, Guinier analysis indicating a radius of
gyration of 33.36 ± 0.09 Å, and the pair distance distribution which indicates a radius of
gyration of 34.1 ± 0.2 Å and a maximum dimension of 116.9 Å.
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Figure 5.14: Top: SEC-SAXS elution profile of EcoDnaG. Scattering was averaged in the range 8.61–
8.95 mL, as indicated by the region bounded by red bars. Bottom: two-Gaussian fit (red) to the forward
scattering profile (green), the first peak (dashed purple) is centred at 7.84 mL and the second (dashed
cyan) is centred at 8.62 mL. These elution volumes correspond to expected elution volumes for particles
1.9 and 0.8 times the monomer mass, respectively (Appendix B).

Figure 5.15: SAXS profile of EcoDnaG, from SEC-SAXS measured at a sample-to-detector distance of
1600 mm.
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Figure 5.16: Guinier analysis of the EcoDnaG 6$;6FXUYHLQWKHUHJLRQQ.RJLQGLFDWLQJD
radius of gyration of 33.36 ± 0.09 Å.

Figure 5.17: Pair distance distribution p(r) of EcoDnaG, indicating a maximum dimension of 116.9 Å
and a radius of gyration of 34.1 ± 0.2 Å.

5.3.3.2 EcoDnaG-P49
EcoDnaG-P49 (residues 1–433 of 581, domains ZBD-RPD) eluted in a single peak
centred at 8.6 mL, corresponding the expected elution volume for a monomer, with a
stable radius of gyration across the peak (Figure 5.18). Scattering was averaged in the
range 8.28–9.09 mL before buffer subtraction to give the I(Q) (Figure 5.19). Guinier
analysis indicated a radius of gyration of 29.7 ± 0.6 Å (Figure 5.20), while the pair
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distance distribution indicated a radius of gyration of 29.8 ± 0.2 Å and a maximum
dimension of 99.8 Å (Figure 5.21).

Figure 5.18: SEC-SAXS elution profile of EcoDnaG-P49. Scattering data were averaged in the range
8.28–9.09 mL, as indicated by the red bars.

Figure 5.19: SAXS curve of EcoDnaG-P49, averaged from SEC-SAXS scattering data in the elution
range 8.28-9.09 mL, with buffer subtracted from a region prior to protein elution.
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Figure 5.20: Guinier analysis of the EcoDnaG-36$;6FXUYHLQWKHUHJLRQQ.RgLQGLFDWLQJ
a radius of gyration of 29.7 ± 0.6 Å.

Figure 5.21: Pair distance distribution of EcoDnaG-P49, indicating a maximum dimension of 99.8 Å and
a radius of gyration of 29.8± 0.2 Å.

5.3.3.3 EcoDnaG-RCD
EcoDnaG-RCD (residues 111–581, domains RPD-HBD; 53.2 kDa) eluted in a single
peak centred at 10.50 mL (Figure 5.22), which corresponds to its expected elution
volume as a monomer (Appendix B). Scattering data were averaged across the region of
Rg stability (10.33–10.68 mL), before buffer subtraction to give the I(Q) (Figure 5.23).
Guinier analysis indicated a radius of gyration of 33.7 ± 0.9 Å (Figure 5.24), while the
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pair distance distribution indicated a radius of gyration of 34.6 ± 0.4 Å and a maximum
dimension of 118.0 Å (Figure 5.25).

Figure 5.22:SEC-SAXS elution profile of EcoDnaG-RCD. Scattering data were averaged across the
region 10.33–10.68 mL. Note that this elution was performed with a guard column attached, which
increases the elution volume compared to the other EcoDnaG elutions (Appendix B).

Figure 5.23: SAXS curve of EcoDnaG-RCD, averaged from SEC-SAXS scattering data in the elution
range 10.33–10.68 mL, with buffer subtracted from a region prior to protein elution.
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Figure 5.24: Guinier analysis of EcoDnaG-5&'LQWKHUDQJHQ.Rg LQGLFDWLQJDUDGLXVRI
gyration of 33.7 ± 0.9 Å.

Figure 5.25: Pair distance distribution p(r) of EcoDnaG-RCD, indicating a radius of gyration of 34.6 ±
0.4 Å and a maximum dimension of 118.0 Å.

5.3.4

Analysis and modelling

The shoulder preceding the main elution peak of full-length EcoDnaG could correspond
to a dimer in equilibrium with the monomeric form. A dimeric form of this protein may
be similar to the dimeric AbmDnaG (see next section). It would be interesting in the
future to investigate this possible oligomerisation of EcoDnaG using other structural
techniques, such as chemical cross-linking or native electrospray mass spectrometry.
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Atomic structures of each DnaG domain were used to create a starting model for
rigid body modelling by the program BUNCH. First, an E. coli homology model of the
ZBD was obtained by Swiss-Model homology modelling using the crystal structure of a
subconstruct of Aquifex aeolicus DnaG corresponding to the P49 subconstruct
(AaeDnaG-P49; PDB: 2AU3, residues 1–403) which contains the ZBD and RPD (Corn
et al., 2005). This homology modelled P49 was aligned to a crystal structure of the
EcoDnaG-RPD (residues 109–427; PDB: 3B39), with an r.m.s.d. of 1.54 Å. The nonredundant residues from the homology modelled P49, 1–108, were retained and the
RPD of this model replaced with that of the EcoDnaG-RPD crystal structure (PDB:
3B39), to produce a best-guess partially homology-based model of EcoDnaG-P49. The
theoretical SAXS of this model was not a close match to the experimental EcoDnaGP49 SAXS, however, with the experimental scattering indicating a greater spatial extent
of the protein in solution. These two domains were therefore treated as separate rigid
bodies, i.e. homology modelled EcoDnaG-ZBD (7–87) and EcoDnaG-RPD (111–427),
joined by a 23-residue linker modelled by bead dummy residues in the range 88–110.
To represent the C-terminal helicase binding domain, a crystal structure of EcoDnaGHBD containing residues 447–581 (PDB: 2HAJ) was used (Su et al., 2006), with a 19residue linker (residues 428-446) between the catalytic domain and the HBD structure.
Swiss-Model was used to restore the missing loops within three domain
structures, as BUNCH requires that there are no missing residues in non-hinge/linker
regions, i.e. within domains. With these three domain models and three SAXS curves,
the full-length protein and the two measured subconstructs P49 and RCD were
modelled simultaneously against the three scattering curves using BUNCH in ten runs.
In the ten resultant BUNCH models, the ZBDs are clustered in two regions near
the N-terminal end of the central RPD domain, while the HBDs are clustered on the
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other side at the C-terminal end of the RPD domain (Figure 5.26). The HBDs span an
angular range of ~60° about the C-terminus of the RPD. The length of both interdomain
linkers is sufficient that they could otherwise have allowed a much greater extension of
these domains than was produced. There is no apparent correlation between the ZBD
and HBD positions within these ranges. All ten models had fits to each of the three
scattering curves with goodness-of-fit statistics ඥ߯ ଶ < 1. A typical model and its fit to
the scattering curve is shown in Figure 5.28.

Figure 5.26: Ten rigid body models of EcoDnaG, aligned at the central RPD domain (grey surface). The
C-terminal HBDs (purple) cluster around the C-terminal end of the RPD, spanning a range of ~60° at one
side of the RPD. At the other side of the RPD, at the N-terminal end, the ZBDs (green) cluster in two
main regions, with two models in between these, and one an outlier. During the modelling routine, these
domains were free to move on their interdomain tethers, represented by dummy residues (not shown for
clarity).

An alignment of the AaeDnaG-P49 crystal structure (PDB: 2AU3) with the RPD
domains of the aligned BUNCH models described above shows that the ZBD of this
crystal structure is positioned in between the two clustered positions of this domain in
the rigid body models (Figure 5.27).
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Figure 5.27: Alignment of the AaeDnaG-P49 crystal structure (cyan) with the ten BUNCH models,
aligned at the RPD domain. The ZBD of AaeDnaG-P49 lies in between the two clusters of rigid body
model ZBD positions. This figure is rotated 180° on the x-axis with respect to the previous figure.

Figure 5.28: Fits of a typical BUNCH EcoDnaG model (inset, with the dummy residues in yellow) and
its RCD and P49 components with their corresponding experimental scattering patterns, offset for clarity.

5.3.5

Discussion

Despite the constraint of modelling simultaneously against three target functions, there
is considerable variation in the domain positions, albeit much less than would be
possible for models generated without any SAXS-provided constraints, given the length
of the interdomain linkers. This variation may take a contribution from the inherent
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ambiguity of SAXS, and potentially also flexibility in the full length protein and/or its
subconstructs. It is difficult to determine from the SAXS data alone which of these is
the case.
Some degree of flexibility in the positions of the terminal domains would not be
unexpected, given their long interdomain linkers and the mechanism of action of this
protein. During DNA replication, the HBD of primase is bound to the helicase, while
the ZBD and RPD are intermittently bound to DNA/RNA. The primase synthesises a
new ~11 nt RNA primer at the lagging strand every ~1000 nt, which takes 1–2 s (Tougu
et al., 1994, Lu et al., 1996). For an 11 nt primer on B-form DNA, it should be expected
that the active site of primase moves by ~37 Å from the 5' to 3' end of the primer. If
DnaG primase remains bound to the helicase during primer synthesis (which is not
certain), this presents a problem: how can the primase accommodate such a large
displacement between its helicase-bound C-terminal HBD domain and its primer-bound
ZBD and RPD domains? The answer appears to be the flexibility afforded by the long
interdomain linkers, particularly that between the RPD and HDB. The range of motion
between the RPD and HBD indicated by these SAXS data could accommodate a ~37 Å
translation of the RPD with respect to the HBD.
There are many open questions about what happens in the replisome during
primer synthesis, and these will need to be answered to put the above findings in their
proper context. For instance, it is not known whether the replisome pauses for primer
synthesis, or if it continues apace, leaving the nascent primer ~1000–2000 nt behind the
replication fork by the time primer synthesis is complete. In the former case, these
pauses should be detectable by single-molecule biophysics experiments, which are
capable of detecting rare events which would otherwise be invisible to traditional
ensemble averaged, bulk assays. In the latter case, the challenge for the replisome is to
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maintain the newly formed primer in a position spatially close to the rest of the stillprogressing replisome (i.e. helicase, clamp loader complex etc.) until such time as the
core-clamp complex is cycled by the clamp loader to the 3' end of this new primer and
synthesis of a new Okazaki fragment begins. In this case, it seems necessary for the
primase to remain bound through its HBD to the helicase during primer synthesis,
effectively tethering the primer to the replisome. An important implication of this is that
as the helicase continues unwinding DNA, a growing length of ssDNA from the lagging
strand template must loop-out between the helicase and the primase (Dixon, 2009,
Manosas et al., 2009, Pandey et al., 2009).
An interaction with the helicase during priming and the formation of a priming
loop are both transient events, which may not be observable in bulk assays but which
should both be detectable by well-designed single-molecule biophysics experiments
such as tethered bead assays and fluorescence resonance energy transfer (FRET).
Observation of a priming loop may require simultaneous monitoring of the elongation
of both the leading and lagging strands, a technically challenging experimental setup.
Single molecule assays have provided some evidence for priming loop formation in
bacteriophage T7 DNA replication, along with a faster rate of synthesis of the lagging
strand compared to the leading strand, which helps to maintain coupling of leading and
lagging strand DNA replication (Manosas et al., 2009, Pandey et al., 2009, Patel et al.,
2011). As of yet, there is no evidence for primer loop formation in bacterial DNA
replication, but with the increasing focus on single-molecule experiments in this field it
is likely these problems may be resolved in the near future.
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5.4 Acinetobacter baumannii DnaG primase
5.4.1

Background and aims

The Gammaproteobacterium Acinetobacter baumannii is a cause of serious and often
intractable infections, particularly in patients who are already critically ill (Robinson et
al., 2010, 2012). A. baumannii is typically acquired nosocomially and can cause
bacteraemia, pneumonia, meningitis and necrotising soft tissue infections. Many multidrug resistant strains have been isolated, including some with pan-drug resistance. Its
resistance to antibiotics and disinfectants, and ability to survive extreme desiccation
means it is a particular threat within hospitals. There is a clear need for the development
of new drugs to target this pathogen, and it has been suggested that a rational drug
discovery effort might target the proteins of its DNA replication machinery, which are
significantly diverged from those of other bacteria (Robinson et al., 2010, 2012). Part of
this effort requires structural characterisation of replisomal proteins.
The A. baumannii DnaG primase (AbmDnaG) shares 52% sequence similarity
with EcoDnaG. One difference is that the interdomain flexible linkers between the ZBD
and RPD and the RPD and HBD are significantly longer in AbmDnaG, and there may
even be an additional folded domain between the ZBD and RPD (Robinson et al.,
2010). To compare AbmDnaG and EcoDnaG, SEC-SAXS measurement of AbmDnaG
was conducted.

5.4.2

Methods

Pure full-length AbmDnaG was prepared by Dr Nan Li (University of Wollongong).
SEC-SAXS measurement of AbmDnaG was conducted in 2013 under the same
conditions described for EcoDnaG, using 100 μL of the protein at 3.2 g.L–1 (Section
5.3.2).
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5.4.3

Results

AbmDnaG eluted during SEC at a volume corresponding to 2.3 times its molecular
weight (Figure 5.29), as determined by a standard curve of the log(MW) vs. elution
volume of the other proteins measured in this work (Appendix B). Scattering was
averaged across the region of stability in the radius of gyration, before buffer
subtraction to give the final scattering curve (Figure 5.30). Guinier analysis indicated a
radius of gyration of 47.4 ± 0.3 Å (Figure 5.31), while the pair distance distribution
(Figure 5.32) indicated a radius of gyration of 49.45 ± 0.01 Å and a maximum
dimension of 165.9 Å. Porod analysis indicated a volume of 236101 Å3, which
corresponds to an approximate mass of 140 kDa by the empirical rule that a globular
protein has a mass in Da ~0.6 times its volume in Å3 (Petoukhov et al., 2012). This
mass corresponds to twice the monomer mass of this protein, 71.2 kDa.

Figure 5.29: SEC-SAXS elution profile of AbmDnaG. Scattering was averaged across the region of
radius of gyration stability, as indicated by the vertical red bars.
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Figure 5.30: SAXS pattern of AbmDnaG.

Figure 5.31: Guinier analysis of Abm'QD* LQ WKH UDQJH Q.Rg LQGLFDWLQJ D UDGLXV RI
gyration of 47.4 ± 0.3 Å.
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Figure 5.32: Pair distance distribution of AbmDnaG, indicating a radius of gyration of 49.45 ± 0.01 Å and
a maximum dimension of 165.9 Å.

5.4.4

Analysis

The elution volume and size parameters extracted from the SAXS curve all indicate that
AbmDnaG is a stable dimer in solution. Ab initio modelling was used to assess this
possible dimerisation and to model the protein structure. Combined rigid body/ab initio
modelling of a full-length AbmDnaG dimer was conducted using the program BUNCH
(previously described in Section 3.3.4). The levels of homology between the AbmDnaG
ZBD and RPD and the GstDnaB-ZBD (PDB: 1D0Q; Pan and Wrigley, 2000) and
EcoDnaG-RPD (1DD9; Keck et al. 2000) sequences were sufficient for homology
modelling of these AbmDnaG domains against the crystal structures of their
corresponding domains using Swiss-Model (Arnold et al., 2006). AbmDnaG-HBD
contains several insertions and gaps compared to EcoDnaG-HBD, and therefore could
not be homology modelled with sufficient confidence against this or any other template
structure. AbmDnaG-HBD was instead represented in BUNCH by dummy residues, as
were the two lengthy interdomain linkers, meaning that the dummy residues of the HBD
were a continuation of those of the RPDHBD interdomain linker. The AbmDnaG
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dimer with P2 symmetry was then modelled in ten separate BUNCH runs against the
experimental scattering pattern with no distance constraints applied. Although they gave
close fits to the experimental scattering, the resulting models varied considerably in
their domain positions and dimerisation interface positions.

Figure 5.33: Two examples of BUNCH models of the AbmDnaG dimer which have equally good fits to
the experimental scattering curve (ඥ߯ ଶ = 0.3), but are very different. The model on the left is interfaced
at the HBD (dummy residue domain), while the model on the right is dimerised at the ZBD and ZBDRPD linker.

5.4.5

Discussion

The dimerisation of AbmDnaG is not entirely surprising given what is known about
EcoDnaG. A construct of EcoDnaG-HBD crystallises as a domain-swapped dimer at
low pH, but is a monomer in solution at neutral pH (Oakley et al., 2005). Its SECSAXS elution profile (Figure 5.14) indicates a possible monomer-dimer equilibrium for
EcoDnaG.
The long flexible linkers in AbmDnaG mean it has many degrees of freedom in
rigid body modelling, and it is to be expected that a high level of ambiguity should
remain without any extra structural information available. To further characterise
AbmDnaG, it may be useful to measure SAXS of the AbmDnaG equivalents of the
EcoDnaG P49 and RCD subconstructs, using the same strategy applied to EcoDnaG.
While there is significant interdomain flexibility in EcoDnaG, it is possible that as a
dimer AbmDnaG may have a more rigid structure with more defined terminal domain
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positions, particularly if it dimerises through its central domain or more than one
domain. By constructing the two-domain subconstructs, the oligomerisation domain(s)
will be identified where its elimination abolishes dimerisation. Chemical cross-linking
coupled with mass spectrometry or NMR studies would be useful for mapping the
interacting residues, and to provide distance constraints for modelling. If this dimer is
more rigid than the monomeric form, it may be more amenable to crystallisation. A
crystal structure of this protein, or at least of its highly diverged helicase binding
domain, would ultimately be the ideal structural characterisation. From a structurefunction perspective, it would be interesting to measure the RNA polymerisation rate of
this protein and compare it to EcoDnaG, which has shorter interdomain linkers. If the
interdomain linkers of primase serve the purpose of accommodating helicase-primer
spatial divergence during primer synthesis, then a slower rate of primer synthesis might
necessitate longer interdomain linkers.

5.5 General conclusion and perspectives
5.5.1

Structural techniques for protein-protein complexes

The last two decades have yielded atomic structures of most individual components of
the bacterial replisome. Much effort is now focussed on determining the structures of
protein-SURWHLQ ELQGLQJ LQWHUIDFHV VXFK DV WKH Į-&Ĳ-C complex, and whole proteinSURWHLQ FRPSOH[HV VXFK DV Įİșȕ2 and DnaB6-DnaI6. Large, multi-protein complexes
such as the latter are technically challenging targets for high-resolution structure
determination. Weak and often transient binding interfaces, flexibility, polydispersity,
poor solubility and other problems hinder purification and crystallisation. Overcoming
these difficulties requires careful control of sample conditions and strategies for keeping
complexes intact, such as mutational strengthening of binding sites.
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In lieu of crystallography, faster, more dependable lower resolution/information
structural techniques can be applied, including small-angle scattering, electron
microscopy, cross-linking, mass spectrometry and NMR. Reliable, stable modelling can
be achieved when the number of independent parameters needed to describe the model,
NP, is not too high compared to the number of independent parameters extracted from
experimental data, NS (Koch et al., 2003). To increase NS, or to provide independent
validation of structural information obtained from one technique, a combination of
techniques can be used. Together with models of the atomic structures of individual
components, protein-protein complexes can be modelled based on integrated shape and
distance information from two or more low resolution techniques. This can improve the
probability of reaching stable models in which more confidence can be placed.
In the work presented here, SAXS data were used in a range of modelling
strategies in conjunction with mostly high-resolution structural information. In certain
cases, SAXS gave clear answers to relatively simple structural problems, for example in
orienting the domains Bsu'QD, DQG Į-&7'aĲc16. In other cases, SAXS served as a
useful tool for comparison or validation of high resolution crystal structures/models,
such as GstDnaB6 DQG WKH ĮLİLșȕ2 complex. In these cases, while SAXS data may
indicate small deviations between the structural models and the measured solution
structures (or structural ensembles), they do not have the power to refine these structural
models to correct for these differences. For the purpose of comparing homologous
proteins and protein-protein complexes, SAXS has been quite useful in this work. The
similarity between the SAXS patterns of EcoDnaB6-DnaC6 and GstDnaB6-GstDnaI6 is a
good first indicator that these complexes share the same structure. Attempts to create an
EM model of GstDnaB6-GstDnaI6 are currently underway, and given the similarity
between their SAXS patterns this modelling process may carefully be informed by the

210

5.5. GENERAL CONCLUSION AND PERSPECTIVES

EM model of EcoDnaB6-DnaC6 (Arias-Palomo et al., 2013). In the case of EcoDnaG
and AbmDnaG, the SAXS data demonstrated a striking difference between these
proteins, in which EcoDnaG is a monomer and AbmDnaG is a dimer. For AbmDnaG,
which has no other available structural information except via homology modelling
against related crystal structures, these SAXS data are a good first step for structure
determination. Further SAXS measurements of AbmDnaG subconstructs may identify
the dimerisation domain(s), and it may then be possible to crystallise these as a dimer,
or otherwise improve the dimer model by combination of the SAXS data with chemical
cross-linking and other low-resolution techniques.

5.5.2
biology

The utility of SAXS and SEC-SAXS in structural

SAXS finds one of its best applications in the structural characterisation of proteins and
multi-protein complexes that fail to crystallise. However, some of the features that
impede crystallisation can also cause difficulty for SAXS measurements. Poorly soluble
proteins resistant to concentration for crystallography will typically display
concentration effects in SAXS, and may have formed aggregates in the time between
preparation and measurement. In instruments where all sample measurements are
conducted in the same sample capillary, this can present a major problem, especially
when the capillary becomes perniciously contaminated by aggregated material not
adequately removed by cleaning between samples and buffers. While flowing of the
sample through the capillary during measurement means that radiation damage is
usually limited enough that the same sample can be remeasured, if it is passed through a
polluted capillary the measurement will be corrupted and the sample contaminated.
Unlike in benchtop SAXS, where instrument access is typically more readily available,
limited synchrotron SAXS beam time necessitates that measurements are done properly

CHAPTER 5. SAXS ANALYSIS OF OTHER REPLISOMAL PROTEINS

211

the first time. It is therefore important that backup samples and buffers are available for
crucial static SAXS measurements, and the researcher has a good idea of the behaviour
of their proteins before measurement. While a static SAXS dilution series can inform on
the effects of interparticle attraction/repulsion, methods for correcting for these are
inexact and introduce room for human interference in the outcome. Greater accuracy is
obtained by increasing the number of concentrations in the series, but at a cost to the
amount of protein used and time spent in sample preparation and measurement.
SEC-SAXS sidesteps the problems that arise from difficult samples, and
provides greater assurance of a high quality measurement on the first time. By
averaging scattering across the region of stable radius of gyration, SEC-SAXS produces
a scattering pattern free from interparticle effects, which requires no manipulation of the
lowest angle scattering data. In the measurements presented in this work, where samples
had been measured by both static and SEC-SAXS, the latter as a rule gave higher
quality scattering patterns. These have lower uncertainty in the radius of gyration
estimations, and pair distance distributions that smoothly decrease to zero as they
approach the maximum dimension, without the bumps or oscillations that signify
interparticle interference. Moreover, for some of the protein complexes measured, even
where they had been pre-isolated it was apparent from the elution profiles that SECSAXS was essential to separate the complex of interest from extra peaks of
uncomplexed protein, or minority oligomerisation states. Without SEC-coupling, it
would not have been possible to obtain a reliable measurement of these more
challenging samples.
One disadvantage of SEC-SAXS is that the protein concentration as measured is
unknown, and the molecular mass therefore cannot be determined from the forward
scattering intensity. The elution volume and Porod estimation of particle volume should,
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however, provide a reasonable estimate of the oligomerisation state. If a more accurate
measure of molecular mass is necessary, a static measurement at a known concentration
can be recorded and the low-Q region of this static curve corrected by SEC-SAXS data.
To estimate the oligomerisation state with a given level of confidence, the confidence
interval around the mass estimate should be less than 1/N for a suspected N-mer, a
condition which typically will be breached for Nذ8 at 95% confidence. Another
disadvantage of SEC-SAXS is the relatively lengthy measurement time per sample,
which can make measurement of very large numbers of samples/conditions by this
technique impractical. Overall, however, SEC-SAXS can be considered an important
development for protein SAXS, allowing measurement of otherwise intractably
polydisperse samples, and in the coming years is likely to be implemented at SAXS
beamlines around the world.
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APPENDIX A

Primers for cloning G. stearothermophilus dnaI (5'–3'):

>386; forward primer for wild-type and 6xHis-tagged G. stearothermophilus dnaI
cloning:
(T)15CATATGGAACGAGTAAATCAACTG

>387; reverse primer for wild-type G. stearothermophilus dnaI cloning:
(T)15GAATTCTTATTCGCGGCGGTTTGGCCCGG

>653; reverse primer for C-terminally 6xHis-tagged G. stearothermophilus dnaI
cloning:
(T)10GAATTCTTAATGGTGATGGTGATGGTGTTCGCGGCGGTTTGGCCCGG
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APPENDIX B

Figure A: Curves of molecular weight vs. elution volume for proteins measured by SEC-SAXS in 2012
(top) and 2013 (bottom), using a Wyatt WTC-030S5 column. A guard column was used in the 2012
measurements, changing the elution volumes, so these have been plotted separately. Elution volumes
were defined as the volume at the A280 maximum of the elution peak. The linear fits to these were used to
determine the correspondent molecular weight for proteins with unexpected elution volumes (AbmDnaG)
or a shoulder (EcoDnaG).

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
Number
1594
2575
431
488
18
2575

=D8
=D9
=D9-D8
37956.28
=B13-B10
=B14/B12
=B15*B3
=B16+D45
=B17/B3

DnaI composition
Carbon (natural abundance)
Hydrogen-1
Nitrogen (natural abundance)
Oxygen (natural abundance)
Sulfur (natural abundance)
Deuterium

100% protonated mass
100% deuterated mass
100% deuterated - 100% protonated
Measured mass:
Measured - protonated
(measured - protonated)/(100% deuterated-100% protonated)
Number of deuteriums in 100% H2O
Number of deuteriums + number of exchangeable H
(deuteriums+exchangeables)/total H

A

B

Protonated
Deuterated

C

(Projected deuteration in 100% D2O)

(Measured deuteration in 100% H2O)

Mass
12.01078
1.00782503207
14.0067
15.9994
32.0655
2.01410178

D
=B2*C2
=B3*C3
=B4*C4
=B5*C5
=B6*C6
=B7*C7
=SUM(D2:D6)
=SUM(D2,D4:D7)

Table A: Calculation of BsuDnaI deuteration percentage in H2O as measured by ESI-MS, and projected deuteration percentage following H-D exchange.
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24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

A
R
N
D
C
E
Q
G
H
I
L
K

Phe F
Pro P
Ser S
Thr T
Trp W
Tyr Y
Val V
end effect

Met M

Ala
Arg
Asn
Asp
Cys
Glu
Gln
Gly
His
Ile
Leu
Lys

DnaI amino acid composition

A

1
6
3
2
2
2
3
1
2
1
1
4
1
1
1
2
2
2
2
1
3

EXCHANGEABLE

B

Table B: Calculation of number of exchangeable hydrogens in BsuDnaI.
NUMBER

1
TOTAL EXCHANGEABLE
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C
EXCHGANGEABLE*NUMBER
=B24*C24
=B25*C25
=B26*C26
=B27*C27
=B28*C28
=B29*C29
=B30*C30
=B31*C31
=B32*C32
=B33*C33
=B34*C34
=B35*C35
=B36*C36
=B37*C37
=B38*C38
=B39*C39
=B40*C40
=B41*C41
=B42*C42
=B43*C43
2
=SUM(D24:D44)

D
Total H
5
13
6
5
5
7
8
3
8
11
11
13
9
9
7
5
7
10
9
9
2
TOTAL H

E

H*number
=E24*C24
=E25*C25
=E26*C26
=E27*C27
=E28*C28
=E29*C29
=E30*C30
=E31*C31
=E32*C32
=E33*C33
=E34*C34
=E35*C35
=E36*C36
=E37*C37
=E38*C38
=E39*C39
=E40*C40
=E41*C41
=E42*C42
=E43*C43
2
=SUM(F24:F44)

F

protonated

protonated

protonated

protonated

protonated

notes:

G
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Previous pages: Clustal Omega alignment of Set B Bacilli DnaI-type helicase loader NTDs, aligned to
residues 1–106 of BsuDnaI. The top sequence is BsuDnaI and the sequences identified as possessing the
zinc-binding motif are grouped within the black box. Next page: Continuation of alignment, showing the
greater conservation of residues in the CTD sequences, colour saturation indicates the relative level of
conservation, while the different residue types are colour-coded according to the Clustal X colour
scheme. Protein sequences are labelled by their UniProt entry name.

